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Most agricultural products contain a high percentage of water and, therefore, 
considered highly perishable. Losses of agricultural product in developing countries 
are significantly higher. The post-harvest losses of agricultural products can be 
reduced drastically by using proper drying technique. Product quality and energy 
requirement are very important considerations in drying technology. Singapore is a 
country of abundant solar irradiation and high ambient temperature throughout the 
year. For this meteorological condition, a solar assisted heat pump drying system was 
designed, fabricated, and tested. The dryer, in the present study, is used to analyse the 
drying characteristics of the food grains. The drying chamber is scaled down in size to 
make it convenient to carry out the drying experiment by limiting the quantity of 
drying material. In actual situation, this drying chamber can be scaled up to dry higher 
quantity of material. An hourly energy analysis is carried out to examine the amount of 
energy that can be derived from the system. This energy analysis can be used to 
perform a scale-up of the drying chamber. 
 
The system mainly comprises a compressor, water condenser, evaporator-collector, 
thermostatic expansion valve, air collector, auxiliary heater, drying chamber, 
dehumidifier, and blower. There are two distinct paths, the air and the refrigerant 
R134a, to transport energy from one location to another. Two evaporators, fitted in 
parallel mode, are used in the heat pump circuit, one acting as a dehumidifier and the 
other as a solar collector. Once the air from the dryer exit has passed through the 
dehumidifier, it enters an air collector, absorbs solar energy and transfers it to the 
drying medium leading to an increase in temperature. Additional heating is provided at 
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                         Summary 
the condenser and, if necessary, at the auxiliary heater to achieve the desired condition. 
A data acquisition system is used to record and monitor different parameters required 
for the evaluation of the system performance. 
 
A series of experiments were conducted at wide range of operating conditions by using 
different agricultural food grains under the meteorological conditions of Singapore. 
The experiments consist of drying of green beans, paddy, and grams with the careful 
examination of its drying characteristic while monitoring the performance of the key 
components like solar collectors, dehumidifier and condensers. On the analysis of 
drying characteristics of the food grains, the three principle process parameters are 
considered: drying air temperature, airflow rate and the effect of dehumidification. A 
series of drying characteristics curve have been plotted to examine the effect of these 
parameters on the drying time. The nature of the drying rate and diffusivity of the 
above three materials are also examined. The collector is one of the most important 
components in a solar drying system. To investigate the performance of evaporator-
collector and air collector, tests were conducted according to the ASHRE standard. For 
the evaluation of performance of the system, solar fraction (SF) and coefficient of 
performance (COP) are considered. Experimental results were analysed and, finally, 
compared with simulation results. Good agreement was found between simulation and 
experimental results, as stated in the results and discussion section of this thesis. The 
diffusion co-efficient of green beans, paddy and grams, for the conditions considered, 
were found to be 9.61x10-11 m2/sec, 1.075x10-10 m2/sec, 1.08x10-10 m2/sec, 
respectively. The range of efficiency of air collector, with and without dehumidifier, 
was found to be between 0.72 - 0.76 and 0.42 - 0.48, respectively. Maximum 
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evaporator collector efficiency of 0.87 against a maximum air collector efficiency of 
0.76 was obtained.  
 
A series of numerical simulations were performed for different operating condition to 
optimise the system, especially to optimise the evaporator-collector and air collector 
area, on the basis of drying load. Each batch of drying included 100 kg of food grams. 
An economic analysis of the system was carried out to determine the minimum 
payback period. The optimum values of air collector area, evaporator collector area, 
drying temperature, and air mass flow rate were found of about 1.25 m2, 2 m2, 500C, 
and 0.036 kg/sec, respectively, which provided around 89% of the total load. From the 
economic analysis of the system, it was found that the system has a significant 
potential to provide sufficient return on investment for the life cycle of the system, 






ABBV. DESCRIPTION  UNIT (SI) 
  
A                     Air collector area                 m2
 
Aev  Evaporator-collector area     m2 
 
CMS  System cost and maintenance cost           $  
 
Cs  System cost            $ 
 
CA                   Size dependent cost      $/m2
 
CF  Fuel energy cost            $/GJ 
 
CM                  Maintenance cost             $ 
 
C0                   Size-independent cost          $ 
 
C0s  Size-independent cost of solar heating system     $ 
 
CSs  System cost of solar heating system         $ 
 
CX                   Auxilixry fuel cost        $/GJ 
 
CMs  Maintenance cost of solar heating system     $ 
 
CY                   Total annualized cost        $ 
 
RF   Collector Heat Removal factor   dimensionless 
TI   Solar irradiation on the collector surface         W/ m
2
L                       Annual energy load                    GJ 
 
rm   Refrigerant mass flow rate     Kg/s 
 
Qu  useful energy gain                              W 
 
Q  Auxiliary energy        W 
  
Qs  Thermal energy        GJ 
 




inW   Compressor work input             W 
f  Solar fraction 
  
n                       time interval         yr 
 
np        Payback period                                         yr 
 
PWF(n,d)          Present worth factor of investment 
 
PWF(n,j,d)       Present worth factor incorporating fuel inflation 
 
x  Fraction of system cost that is equal to                
maintenance cost 
 
xs   Fraction of system cost that is equal to maintenance    
  cost for solar heating system 
 
d   Discount rate                     
 
j                        Fuel cost inflation rate 
           
τα   Transmittance-absorptance product   dimensionless 
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CHAPTER 1 
INTRODUCTION 
Drying is an essential operation in chemical, agriculture, food, pharmaceuticals, and 
pulp paper, mineral and wood processing industries. Drying plays an important role in 
improving the quality of any product leading to a better marketability of the product 
and also increases its storage life. Drying of agriculture product demands special 
attention, as these are considered important source of vitamin and minerals essential 
for mankind. Most agricultural products contain a high percentage of water and are, 
therefore, highly perishable. Losses of agricultural products in developing countries 
are considerably higher. There is a need to reduce post harvest losses in these 
countries. Since thermal energy play an important role in drying, it is important to 
carry out drying operation efficiently to reduce the adverse effect on the environment 
and emission of greenhouse gases. The required amount of thermal energy to dry a 
particular product depends on many factors, such as, initial moisture content, desired 
moisture content, temperature and relative humidity of drying air and air flow rate.  
 
Drying is a complex operation involving transient transfer of heat and mass along with 
several rate processes, such as physical and chemical transformations, which in turns 
may change products quality as well as the mechanism of heat and mass transfer. 
Drying occurs by effecting vaporization the liquid by supplying heat to the wet 
materials. The heat must diffuse into the solid primarily by conduction. The liquid 
must travel to the boundary of the material before it is transported away by the carrier 
gas. The rate of drying or moisture removal from the interior of the material to the air 
outside differs from one material to another and depends on whether the material is 
hygroscopic or non-hygroscopic. Hygroscopic materials are those which will always 
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have residual moisture content, whereas the non-hygroscopic materials can be dried to 
zero moisture level. 
 
 Drying is the process of moisture removal from a product. It can be achieved by 
various means like chemical drying in which the drying is done by using desiccants or 
by chemical decomposition of the water in the substance. Other forms of drying are 
freeze drying, mechanical drying and thermal drying. The present study belongs to the 
category of thermal drying, which is used mainly for the drying of agricultural 
products and involves the removal of moisture from the material using thermal energy.  
 
Product quality and energy requirement are very important consideration in drying 
technology. Numerous research and development activities have taken place to identify 
reliable and economically feasible alternative energy sources. The choice for the 
alternative energy sources are: energy from sun, wave, wind and geothermal etc. On an 
average 21 MJ/ (m2day) of solar energy is available in latitudes between 150 and 350 
north and south with a minimum of two thousand hours of sunshine per year [1]. Solar 
energy is an attractive option to meet the energy requirement for drying application.  
The traditional age old practice of drying termed as open sun drying or natural sun 
drying. 
 
1.1 Open Air Sun Drying 
 
In the traditional method, widely used in developing countries, crops are spread on the 
ground in open sun and turned regularly until sufficiently dried so that they can be 
stored safely. Considerable energy savings can be obtained with this type of drying 
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since the source of energy is free and renewable. However, sun drying is done in open 
air, high labor cost, requires large space area, lack of ability to control drying process, 
possible quality degradation due to biochemical and microbiological reaction, insect 
infestation, mixing with dirt, foreign material etc. Sun drying is also a slow process. 
All these problems are overcome in controlled solar drying, where the crop is dried 
reasonably rapidly to a safe moisture level and simultaneously, it ensures a superior 
quality of the dry product. Where feasible, solar drying often provides the most cost–
effective drying technology.  
  
1.2 Indirect Solar Drying  
 
In most cases involving agriculture and food products these condition are largely 
fulfilled by solar drying particularly in developing countries. There is a great interest in 
solar dryers because of its simplicity, low air handling requirements, cheap 
construction, simple operation and ability to cope with long drying time due to low 
temperature drying. The technical feasibility of solar drying has been demonstrated by 
a number of investigators. It is possible to provide moderately heated air at a low 
enough investment using a solar air heater with simple design. Additional advantages 
of solar drying are, free, nonpolluting, renewable, abundant energy source of the sun. 
The main drawback of the solar system is that it is very much dependent on weather. 
Therefore, drying cannot be continued during night and cloudy weather. The required 
time may be quite long and, for lack of controls on the drying process, the dried 
products may turn out to be under dried or over dried. Heat pump is known to be 
energy efficient when used in conjunction with drying operations. The principle 
advantages of heat pump dryers emerge from the ability of heat pumps to recover 
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energy from the exhaust as well as their ability to control the drying gas temperature 
and humidity. 
 
1.3 Heat Pump Drying 
 
 Heat pump would be an attractive option to overcome the difficulties of the solar 
drying system. For drying, heat pumps possess two beneficial characteristics. Through 
the evaporator, the heat pump recuperates sensible and latent heat from the dryer 
exhaust air hence, the energy is recovered. Condensation occurring at the dehumidifier 
reduces the humidity of the working air, thus increasing the drying potential. To ensure 
superheat state of refrigerant at the inlet of compressor, evaporator-collector will carry 
out the job by taking heat from the atmosphere and delivering it to the refrigerant. It is, 
therefore, anticipated that the heat pump dryer can accelerate the drying process and 
use energy more efficiently. In addition, wide ranges of drying conditions are possible, 
typically –200C to 1000C (with auxiliary heating) and relative humidity 15% to 80% 
(with humidification system) [2]. Moreover it facilitates us to have excellent control of 
environment for high-value products and reduced electrical consumption for low – 
value products. However, increased capital cost, regular maintenance of components, 
are some of the limitations of heat pump drying system. 
 
To overcome the above limitations, heat pump dryer integrated with  solar energy will 
be a more effective option in drying application The high capital cost can be compared 
if the dryer is used other products also or at least is put to other multiple uses such as 
space heating, etc. Solar energy is available at the site of use and saves transportation 
cost. The intermittent nature of solar radiation will not affect the drying performance at 
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low temperature. Even the energy stored in the product itself will help in removing 
excess moisture during the period of no sun shine. Therefore, solar assisted heat pump 
drying would be an attractive option for agricultural food grains. 
 
1.4 Solar-Assisted Heat Pump Drying 
 
In places with very rich sources of solar energy, the incorporation of a solar heating 
system to the HPD may further improve on the efficiency of the overall drying system. 
Such a system may also be appropriate for higher drying temperature [2]. Easy 
conversion of natural energy for storage resulting in significant saving of energy, 
environmentally friendly process, easy to implement control strategy and higher 
operating temperature are the principal advantages of solar assisted heat pump dryer 
which will overcome the above mentioned problem in different technique of drying 
application. However, this would require some kind of backup auxiliary source or a 
thermal energy storage device when in comes to nightfall or cloudy days. Thus, 
auxiliary heaters are commonly seen in solar dryers to ensure controlled drying 
conditions, especially, if the thermal requirement of the drying condition is much 
higher than the available solar energy. On the basis of above discussion the proposed 
system would be a good challenge for drying of agriculture products. 
 
This project intends to cover the following areas: 
1) To fabricate the system and also examine the possibility of more effective solar 
dryer utilization by coupling of heat pump. 
2) Conduct experiment to evaluate the system performance under different 
meteorological condition. 
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3) To compare the simulation result with the experiment  
4) To carry out an economic analysis of the system and optimize it. 
 
To fulfill these objectives: 
1. The thesis starts with a brief introduction of the present work in chapter 1. 
2. Previous works on developments of solar assisted heat pump drying systems have 
been thoroughly reviewed. A literature review on the solar assisted heat pump 
drying system is presented in chapter 2. 
3. Two evaporators, fitted in parallel mode, are used in the heat pump circuit, one 
acting as a dehumidifier and the other as a solar collector. In addition an air 
collector absorbs solar energy and transfer it to the drying medium leading to an 
increase in temperature and a test facility to evaluate the thermal performance of 
the system have been designed and constructed, and these are describe in chapter 3. 
4. The experiments have been conducted under the meteorological conditions of 
Singapore and these results are compared with the predicted values. For the 
prediction of thermal performance, meteorological data of Singapore was 
calculated by using a model that describe in chapter 4.  
5. To carry out the optimization and economic analysis of the system, a model has 
been developed and simulated by using FORTRAN language and discussed in 
chapter 5. 
6. A series of experiment on the system have been performed and compared with 
predicted results. Parametric study has been performed for the system. Collector 
test have been performed according to the ASHRAE standard. All of the results are 
presented in chapter 6.  
7. Conclusions drawn from this study have been presented in chapter 7. 
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Drying is one of the most energy intensive processes in the industry. Product quality 
and energy are very important considerations in drying technology. In most cases 
involving agriculture and food products, these conditions are largely fulfilled by solar 
radiation. Considerable attention has been devoted to the application of the heat pump 
in drying technology. It is believed that combined system of solar energy and heat 
pump would be a good challenge for drying technology. Therefore, in order to design 
and developed a combined system to ensure reliable performance, a review of previous 
studies has been undertaken.  
 
Manuel et al. [3] developed a simulation model of drying system assisted by vapor 
compression heat pump. The heat pump was used to preheat the air stream before it 
enters the drying chamber. Results have shown that a considerable reduction in energy 
consumption can be obtained with the use of a heat pump. They presented two major 
conclusions. Firstly, higher mass flow rates imply lower specific power consumption. 
Secondly, the heat pump proved to be more efficient than conventional heating system 
at any operating condition. Another work by Zyalla et al. [4] who made a review of 
various types of dryers and reported that a heat-pump dryer has advantages over the 
others, when a relative humidity requirement inside the dryer is greater than or equal to 
30%. The performance of a heat-pump dryer by using different type of refrigerants was 
studied by a few workers. Pendyala et al. [5] studied on refrigerants R11 and R12. A 
simulation result on refrigerants R22 and R134a was presented by Abou-Ziyan et al. 
[6]. The comparison of the heat pump performance for different refrigerants has 
proven that R134a are the most popular alternatives for low temperature applications. 
 7
Chapter 2                                                                                                             Literature Review 
 
This is confirmed by Abou-Ziyan et al. who found more than a 23% increase in the 
coefficient of performance for R134a over R404a. 
 
In any drying system, the two key areas which should be clearly studied, analyzed and 
established are: the drying kinetics of the material and the drying process itself. The 
work of Alvarez and Leagues [7] and Wang et al. [8] give a better understanding of the 
drying kinetics of the drying material, while the equipment models seen in the work of 
Mabrouk and Beighith [9] give an insight into what is taking place inside the dryer or 
the drying process. Hawlader et al. [10] reported in their work a simulation model 
comprising a material model and an equipment model for the drying of food products 
in a tunnel dryer. 
 
A number of investigators [11-12] have reported the effect of different system 
parameter on system characteristics. Xiguo et al. [11], and Prasertsan et al.[12] studied 
and analyzed a heat-pump dryer taking into account several important variables, such 
as ambient condition, ratio of recirculated air, the evaporator air by-pass ratio , the total 
mass flow rate along with the system characteristics, moisture extraction rate, and 
specific moisture extraction rate to analyze the heat pump system. It was found that 
moisture extraction rate and specific moisture extraction rate varied with ambient 
condition. The characterization of the drying chamber with the introduction of the term 
‘contact factor’ simplified the analysis of the system [13]. 
 
The technical feasibility of solar drying has been well demonstrated by a number of 
investigators, mainly due to the low temperature requirement of the applications. 
Experimental studies of solar drying on different kinds of fruits, agricultural products, 
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cloths, wood etc. with the solar dryer, where the system consists of collector, an 
auxiliary heater, an electric powered blower have been carried out by many workers to 
evaluate the drying behavior and collector efficiency. A prototype solar fruit and 
vegetable dryer supplemented with auxiliary heating system for continuous operation 
was developed by Akyurt and Selcuk [14]. They concluded that the two energy sources 
may be utilized to complement each other as needed for continuous dehydration by 
which, the drying time can be reduced considerably and, thereby, tremendous 
improvement in productivity can be achieved. Garg et al. [15] investigated the drying 
kinetics of crops in a simple solar dryer. They had reported that the moisture content of 
the sample decreases exponentially with drying time and the drying constant, in the 
case of horticultural crops, increases with increases of drying air temperature. Supranto 
et al. [16] designed an experimental solar assisted dryer for palm oil fronds. The 
system consisted of collector, a dryer, an auxiliary burner and a fan. The collector was 
of double-pass configuration with 120cm width and 240cm in length and also with 
porous media in the lower channel. The dryer was of batch type. The capacity of dryer 
was about 20 kg of fronds at one time. From simulation studies they found that a 
temperature rise of 250C to 300C can be achieved and a collector thermal efficiency of 
50% to 60% can be obtained for the double pass solar collector.  
 
A solar dryer which consists of a solar collector with aluminum absorber plate and 
spaced fins for production of high quality hay was investigated by Arinze et al. [17]. 
They showed that the solar collector with absorber plate and fins performed 
satisfactorily with relatively high average collector efficiency of 76% under bright 
sunshine weather conditions. A new mobile solar grain dryer for commercial 
application consisting  of a collector with specially designed and coated fins attached 
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to the 18m2 absorber plate and ultra-violet resistant transparent fiberglass top cover 
was carried out by Arinze et al. [18]. They found 75% energy collection efficiency, 
which is relatively high over a flat plate collector without fins. 
 
A number of investigations have been performed on solar assisted heat pump system 
[19-26] for evaluating the system performance and technical feasibility of the system 
for various applications, such as water heating, and space heating and cooling. Morgan 
[19] investigated a direct expansion solar assisted heat pump using R-11. The heat 
pump was specially designed for use in a tropical climate, where the normal ambient 
temperature of the day above 250C permitted the operation of evaporator at a high 
temperature, 150C to 500C, depending to the solar input. His result demonstrates the 
feasibility of utilizing the system to heat water up to 900C with a COP varying from 
2.5 to 3.5.  Krakow et al.  [20] investigated a direct expansion solar assisted heat pump 
system using collector plates fitted with fins for space heating. They asserted that solar 
source heat pump systems with glazed solar collector are preferable to systems with 
unglazed solar collectors for cold climates. They also reported that systems with 
unglazed solar collectors might be advantageous for warm climates. A field-test plant 
of the direct expansion solar assisted heat pump system for heating and hot water 
supply was set up for practical use by Fijita [21]. The system had an outdoor coil and a 
covered collector, which included a refrigerant cycle. Two evaporators were connected 
in series, and heat transfer from the evaporator was carried out through forced 
convection on rainy and cloudy days. The system was used for floor heating and hot 
water supply and exhibited an improve performance with a COP of 5-8 in the solar 
mode and 2-3 in the air mode. Hino [22] developed a direct expansion solar assisted 
heat pump for heating and cooling. The outdoor panel operated as an air source 
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evaporator as well as the solar collector in the heating mode, and operated as a 
condenser and dissipated heat to make ice in the cooling mode. The outdoor panel was 
made of extruded aluminum and fins were connected at the back of panel for collection 
of heat both on sunny days and cloudy days. The heat storage coil unit was used to 
make hot water in winter and ice in summer. Tleimat and Howe [23] developed a 
solar-assisted heat pump system for heating and cooling of residences. The proposed 
system makes use of a conventional air-conditioner unit which would  be modified by 
fitting control to reverse the flow of refrigerant for the heating mode and by changing 
the out door heat exchanger from refrigerant-to–air  to refrigerant-to-water. In addition, 
it included a solar collector and two insulated water storage tanks. It was concluded 
that the solar–assisted heat-pump system with current fuel prices can provide 
immediate economic benefit over the all-electric home. Collector efficiency, heat 
pump COP, system  COP, and storage efficiency were found 70%, 4.5, 4 and 60%, 
respectively, for space heating presented by Omer  et al.[24]. Svard et al.[25] described 
a general design procedure for solar assisted heat pump systems for space and process 
water heating. Their procedure accounts for the variable efficiency and rate of energy 
delivery by the heat pump. They reported that the capacity of the heat pump relative to 
the load requirement significantly affects the overall system performance.  Hawlader et 
al. [26] performed analytical and experimental studies on a solar assisted heat pump 
water heating system, where unglazed flat plate solar collectors acted as an evaporator 
for the R-134a. They showed that the system is influenced significantly by collector 
area, speed of compressor, solar irradiation and storage volume.  
 
Evaluation of a rice drying system using a solar assisted heat pump was carried out by 
Best et al. [27]. They developed a combined solar assisted- heat pump rice drying 
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system as an alternatives to conventional mechanical dryers. The experimental 
equipment developed is modified for a more precise control of temperature and 
humidity. Finally, they showed that this technique leads to a very high energy savings 
and very low specific energy consumption. Evaluation of a rice drying system using a 
solar assisted heat pump was carried out by Best et al. [28]. They dried 44.8 kg of rice 
from 25.5% (db) initial moisture content to 11.45% (db) final moisture content, where 
average temperature was 30.80C, within 4.9 hours with heat pump, rejecting the hot 
and humid air to the ambient. The measured energy consumption, COP, and specific 
moisture content were 969.5 kJ/kg, 5.3, and 3.5 kg/kWh, respectively. On recirculation 
mode of the heat pump, they dried 41 kg of rice from 19.6%(db)initial moisture 
content to 10.6%(db) final moisture content within 3.8 hours, where the average RH% 
and temperature were about 30.4% and 340C, respectively. In this run, they found 
energy consumption, and specific moisture extraction rate (SMER) of 549 kJ/kg, and 
2.3 kg/kWh, respectively. The third type of experiment was carried out utilizing the 
solar collector without heat pump and dried 43.9 kg of rice from 18.5%(db) initial 
moisture content to 11.4%(db) moisture content within 3.5 hours, where the average 
RH% and temperature were about 34.4% and 34.90C, respectively. The energy 
consumption was about 166.8 kJ/kg. They presented that the recirculation of air with 
heat pump and to circulate air utilizing the solar collector without heat pump can be 
used to produce the same quality of drying. The evaporator of the heat pump is taken 
directly as the solar collecting plate and always maintained at the ambient temperature 
to increase the collector efficiency by reducing loss from the collector as found by 
Huang Hulin et al. [29]. Bulter and Troger [30] experimentally evaluated a solar 
collector–cum-rocked storage system for peanut drying. Chauhan et al. [31] studied the 
drying characteristics of coriander in a stationary 0.5 tonne/batch capacity deep-bed-
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dryer coupled to a solar air heater and a rock storage unit to receive hot air during off 
sunshine hours. They found that a reduction of the average moisture of coriander 
grains from 28.2% (db) to 11.4 %( db) requires 27 cumulative sunshine hours. Using 
the stored heat from the rock energy storage system, the removal of the same moisture 
can be accomplished with just 18 cumulative sunshine hours. 
 
It is found that no literature reported experimental and analytical study for the 
evaluation of performance of solar assisted heat pump system for drying of agricultural 
products by using evaporator-collector and refrigerants R134a. 
 
Solar systems are normally characterized by a high initial investment followed by low 
operating costs. It is, therefore, necessary to determine whether such an investment is 
economically competitive when compared with conventional systems. A number of 
investigators demonstrated different technique of analysis of solar system to validate 
its economical viability [32-45]. Hawlader et al. [32] described different method of 
analysis of a solar heating system to determine its economic viability. The solar 
fraction required for the analysis has been calculated with the simulation program 
using hourly meteorological data of Singapore. They found that both the life cycle 
savings and the annualized cost lead to the prediction of the same optimum collector 
area of 1200m2. They also found that the pay back period and the internal rate of return 
analyses predicted the same optimum area of 1000m2, which is smaller than that 
predicted by the method of life cycle costing. Comparison of optimization criteria for 
solar heating and some energy conservation measures have been carried out by 
Wijeysundera and Ho [33]. They showed that governing equation describing the 
optimum condition becomes identical for annualized life cycle savings and predicted 
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the same collector area. Tasdemiroglu and Arinc [34] used the present value method 
for technical-economic analysis of solar systems. They applied the present value 
method for both the solar system and its conventional alternative taking into account 
the initial investment costs, fuel costs, operating costs, and the maintenance costs. 
Based on this technical-economical analysis, they have developed a computer program 
and finally concluded that economic parameters are much more influential on the 
system economics than the technical parameters. The most significant are the payback 
period and the internal rate of return. A systematic approach for the optimization of 
dryers was carried out by Velthuis and Denissen [35].They presented the optimization 
of chamber dryer and a continuous tunnel dryer. They showed that with the dryer 
model optimal drying curves can be generated, that can be used directly in practice. 
The models takes into account various controller types and non-uniformity due to 
different air circulation principles. This resulted in significant reductions in drying 
time, energy consumption and product loss. 
 
 Brandemuehl and Beckman [36] developed a procedure for assessing the economic 
viability of a solar heating system in terms of the life cycle savings of a solar heating 
system over a conventional heating system. The life cycle savings is expressed in a 
generalized form by introduction two economic parameters, P1 and P2, which relate all 
life cycle cost considerations to the first year fuel cost or the initial solar system 
investment cost. They have presented the optimization method by using the 
parameterized savings equation and the f-chart solar heating system design correlation 
to develop a tabular or graphical method for estimation the optimal collector area and 
evaluating the solar system economic effectiveness. Tasdemiroglu and Awad [37] 
described a mathematical model for the optimization of solar collector area in a solar 
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heating system. They presented an optimization procedure based on the estimation of 
the size of a solar system in terms of collector area that will yield the highest total 
saving produced on behalf of the solar system in comparison with the total expenditure 
of a conventional alternative during the life-cycle. MacArthur [38] investigated a 
performance analysis and cost optimization of a solar-assisted heat pump system. He 
demonstrated the performance of the system as a function of collector area. Thermal 
storage volume was evaluated to determine the fraction of the space heating and 
domestic hot water load that was supplied by the solar – assisted heat pump system. By 
using this information he computed the payback time, based on cumulative costs, for 
each variation of the system’s parameters when compared to the conventional one. 
Finally, he showed that the optimal combination of system components which had a 
payback time less than the mortgage life. Chang and Minardi [39] used annualized 
system cost as the optimization criteria for a solar hot water system. Michelson [40] 
and Boer [41] used the minimum payback period for economic optimization of solar 
systems which requires fewer assumptions about future costs. Gordon and Rabl [42] 
used the internal rate of return as the criterion for the optimization of a solar process 
heat plant. 
 
Minduan Tu [43] proposed a solar assisted heat-pump system to supply heat for 
industrial processes in the range 1000C to 1300C. He showed that the system was 
economically superior to electrical heating and solar–only systems, and was 
competitive with fuel burning systems. Frank et al. [44] studied the economic 
performance of a solar system, air-to-air heat pumps, and several solar-assisted heat 
pump systems for residential heating. They concluded that the air-to-air heat pump was 
preferred when there is no price differential during peak/off-peak period. Solar system 
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was preferred when the electricity price was doubled. McDoom et al. [45] investigated 
on the moisture content reduction of coconut and cocoa using a scaled–down dryer of 
the type found on coconut estates in Trinidad. They reported an energy saving of 29% 
to 31% by recirculation of the hot air and varying the degree of venting. In addition, 
this saving could also be effected on the estates with suitable modification of the 
dryers used there.   
 
Drying is an energy intensive process and, in order to make the system energy 
efficient, it is necessary to have a better understanding of the problem. In conventional 
dryers, humid air from the dryer is vented to the atmosphere, which results in the loss 
of both sensible and latent heat of vaporization. This energy can be recovered with the 
use of a heat pump dryer. The humid air at the exit of the dryer is allowed to pass 
through a dehumidifier, where sensible and latent heat of the humid air is absorbed by 
the refrigerant. This heat is transferred to the condenser for heating of the air before it 
enters into the dryer. Solar energy provides low grade heat. This characteristic of solar 
energy is good for drying at low temperature, high flow rates with low temperature 
rise. The incorporation of a solar heating system to the heat pump dryer may further 
improve on the efficiency of the overall drying system. Therefore, the solar assisted 
heat pump drying system investigated in this project is expected to be an energy 
efficient option for drying of agricultural food grains. 
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In any solar energy application, it would be desirable to analyze theoretically any 
given system as well as evaluate the performance experimentally. For solar 
applications, experimental study is important to determine actual performance of the 
system under the meteorological conditions of the place of interest. In the present 
study, solar assisted heat pump drying experiments have been performed under the 
meteorological conditions of Singapore. A fully equipped experimental set-up has been 
built to validate the simulation results. The solar assisted drying system, considered 
here, is designed for drying of various agricultural food grains. The drying medium 
used is air and the drying temperature depends on the specific product to be dried. The 
air is heated to the desired drying temperature, with the help of solar collectors and 
heat pump. Auxiliary heat is used to supplement the heating requirement, in the event 
the supply of heat to the air is insufficient to attain the required drying temperature. As 
the drying progresses, air becomes humid and contains a useful amount of latent heat, 
which is extracted at the dehumidifier and the air regains the necessary drying potential 
for the next cycle.  
 
 
3.1 Description of the set-up 
 
A solar assisted heat pump drying system was designed and fabricated locally, as 
shown in Figure 3.1 the performance of the system has been investigated under the 
meteorological conditions of Singapore. The system is located on the rooftop of a four 
storey building at the National University of Singapore. The system consists of a 
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variable speed reciprocating compressor, evaporator-collector, expansion valve, 
storage tank, air cooled condenser, auxiliary heater, blower, dryer, dehumidifier, and 
air collector. The details of the systems are explained in the following section. The 
setup consists of two distinct flow paths: air and refrigerant.  
 
3.1.1    Air flow path 
 
The air flow path deals with the air, which has to be maintained at a desired condition 
at the inlet to the dryer. The various components in the air path are: solar air collector, 
air cooled condenser, auxiliary heater, blower, dryer unit, dehumidifier, temperature 
controller and dampers. The drying chamber contains a number of nylon mesh trays to 
hold the drying material and expose it to the air flow. A well designed duct system 
delivers the air to the desired locations. The duct is thermally insulated to have an 
adiabatic environment. The flowing air is heated by the solar air collector, and then 
flows over the condenser coil, where it is heated further by the heat released by the 
condensing refrigerant. The magnitude of the desired dryer inlet temperature and the 
meteorological conditions determine the amount of auxiliary energy required for a 
particular application. The air at the pre-set drying condition enters the dryer inlet and 
performs drying. The air leaving the dryer is cooled and dehumidified, to get rid of the 
moisture absorbed in the dryer, thereby, a rejection of sensible and latent heat occur at 
the de-humidifier. Subsequently, this heat is available at the air-cooled condenser for 
the re-processing of the air for the next cycle. The cycle repeats until the required 
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Figure 3.1   Schematic diagram of the heat pump assisted solar drying system 
                                                                                                             
3.1.2 Refrigerant flow path 
 
 
 As the name implies, the refrigerant flow path is the path traversed by the refrigerant 
and is represented with continuous line in Figure 3.1. The different components in the 
refrigerant flow path are: dehumidifier, collector evaporator, an open type 
reciprocating compressor, evaporator pressure regulators, expansion valves, condenser 
tank, and a fan coil unit. The dehumidifier and evaporator-collector are connected in 
parallel with individual expansion valves, as shown in the figure. The refrigerant 
coming out of the air-cooled condenser passes through the coil immersed in a tank and 
heats the water in the tank by releasing the heat, thereby, ensuring complete 
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condensation. The refrigerant used in the system is R134a, which is considered 
environment friendly. The system components’ specifications and characteristics are 
shown in table 3.1. 
Table 3.1   Components specification and characteristics of the system parameters. 
     1. Air Collector 
 a. Area                       :  1.24 m2
b. Absorber plate        :  6.0 mm aluminum (air collector) 
c. Surface treatment   :  Black paint coating with hollow pins  
d. Glazing :  Normal window glass of thickness 5 mm  
e. No. of glazing :  One     
f. Back insulation :  Made of fiberglass wool of thickness 60 mm 
g. Side insulation :  Made of polystyrene of thickness 20 mm 
h. Casing :  Made of stainless steel of thickness 3 mm  
i. Collector tilt :  10 degrees 
j.  Airflow area  :  0.035 and 0.0175 sq.m 
 
 
2. Evaporator- Collector 
a. Area :  1.5 m2 
b. Absorber plate :  Made of copper of thickness 1.0 mm 
c. Surface treatment :  Black paint coating, Absorptivity 90% 
      Emissivity 90% 
d. Tube :  Made of material copper outer diameter  
          9.52mm and inner diameter 8 mm spacing 
      100 mm 
 
3. Evaporator 
a. Type :  Cross flow fin and tube  
b.  Fins :   1550 per m2 
c. Casing  :   Galvanized Iron 
  
     4. Compressor 
 a. Bore  :  0.035 m 
 b. Stroke  :  0.026 m 
 c. Capacity  : 1.5 kW 
 d. Speed (RPM)  : 2800 
 
5. Condenser 
a. Type : Air cooled fin and tube 
b. Fins : 1550 per m2 
c. Casing : Galvanized iron 
 
 
     6. Water tank 
 a. Size  : 250 liters (dimensions: 0.97m x 0.67m x 0.67m) 
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 b. Insulation  :  Made of polyurethane of thickness 50 mm 
 
     7. Drying Chamber 
a. Dimension              : 1m x 0.5m x 0.5m 
b. Tray                        :  Nylon meshed 
 
     8. Blower 
 a. Type  :  Axial 
 b. Capacity  :  260 cu.m/h; static head: 300 Pa 
 
     9. Auxiliary Heater 
  Capacity  :  12 KW 
 
3.2 Selection of Components 
The solar assisted heat pump dryer have been designed and tested. All components 
have been designed to meet the desired load. The major components of the system are 
discussed in this section. 
3.2.1  Evaporator-collector 
As shown in figures 3.2 and 3.3, the evaporator-collector in the system comprises a 
copper absorber plate of 1.5 m x 1.0 m x 1 mm thick and serpentine copper tubes 9.52 
mm diameter. The serpentine tubes are spaced 100 mm apart and brazed underneath 
the absorber plate for better thermal contact and to enable the flow of refrigerant 
metered in by the expansion valve. The absorber plate is coated with black paint and 
the backside of the absorber plate-serpentine tube assembly is insulated with 50 mm 
polyurethane insulation. 
 
The evaporator-collector collects incident solar radiation and imparts the energy to the 
refrigerant flowing through the attached serpentine tubes resulting in evaporation of 
the refrigerant. Due to the fact that the evaporator-collector working fluid is a 
refrigerant, it is able to draw energy from ambient in the absence of sun’s radiation. 
This improves the evaporator-collector efficiency significantly. 
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3.2.2 Compressor 
For the present system, an open type, single cylinder-reciprocating compressor is used. 
The single cylinder compressor is directly coupled to a three-phase induction motor. A 
frequency inverter is used for changing the speed of the compressor to match the 
evaporator load under different meteorological conditions. The refrigerant enters the 
compressor through a copper tube of 9.5 mm of diameter at the suction side located at  














Figure 3.4   A photograph of the compressor unit 
pressure cut-off strategies are used, which switches off the compressor if the pressure 
goes beyond the high pressure and low pressure limit. A photograph of the compressor 
unit is shown in Figure 3.4. 
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3.2.3    Air-cooled condenser   
A fin and tube type air cooled condenser is used in this setup. The super-heated 
refrigerant from the compressor releases the sensible and latent heat to the air flowing 
across the condenser. The hot air coming out of the condenser is allowed to pass 
through the drying chamber to perform drying. 
3.2.4    Water-cooled Condenser 
A 250 l water tank is designed to act as a water-cooled condenser. A copper coil of 
9.52 mm diameter is immersed in the water inside the tank. The refrigerant mixture 
from the air-cooled condenser passes through the copper coil heating the water inside 
the tank. In addition to the hot water available in the condenser, the water-cooled 













Figure 3.5   A photograph of water condenser 
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To prevent the heat losses, the condenser tank has been properly insulated with 
polyurethane and covered with aluminum. A photograph of water condenser is shown 
in figure 3.5. 
3.2.5   Thermostatic expansion valve 
Two thermostatic expansion valves are used for this system. It controls the refrigerant 
mass flow rate through the evaporator leading to a control of the amount of superheat, 
which is considered necessary to protect the compressor from wet vapor. Thus, it 
ensures maximum heat transfer efficiency in the evaporator-collector. 
3.2.6  Air collector 
In this system, an air collector of 1.24 m2, single glass cover (glazed) and the absorber 
plate made of 6mm aluminum sheet with hollow pins were designed and fabricated.  
 
                                    Figure 3.6 A photograph of air collector 
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The airflow arrangement is double pass to improve the collector efficiency by reducing 
the collector operating temperature [46]. The 60 mm thickness of fibre glass wool and 
20 mm thickness of polystyrene has been used for back and side insulation, 
respectively. Stainless steel of 3mm thickness has been used to make the casing of the 
collector. The collector slope has been adjusted to 100 which are suitable for Singapore 
geographical position. A photograph of air collector area is shown in Figure 3.6. 
3.2.7    Blower   
A variable speed axial type blower capable of delivering 260 m3/h against a static head 
of 300 Pa is used in this experiment. The blower circulates air through the collector, 
creating a slight negative pressure inside the collector. The flow rate is controlled by 
controlling the blower speed and adjusting the dampers. 
3.2.8 Electric heater  
In the present study, six units of 2 kW each heaters are used in three sections. The 
capacity of the heater is selected higher taking into account the lower resident time of 
air in the heater section. The heaters are controlled by a PID controller to heat the air to 
the desired collector inlet temperature. 
3.2.9    Dryer 
AIR
AIR
Figure 3.7 : Schematic diagram of the drying chamber
A 1 m x 0.5 m x 0.5 m drying chamber with nylon meshed tray is used in this 
experiment, as shown in the Figure 3.7. Basically, the drying chamber consists of 
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As shown in the figure, the channel is designed to have a uniform air flow along all the 
air-path. The drying chamber is configured to carry out batch drying of food grains. 
 
3.2.10   Evaporator/dehumidifier 
 
An evaporator/dehumidifier is used for cooling and de-humidifying of air. The heat 
exchangers used for this duty are normally made of finned 9.52mm circular tubes and 
involves a cross flow. To prevent thermal interaction with the atmosphere, the 
dehumidifier is thermally insulated with fibre glass wool and covered with galvanized 
iron. The working fluid flows inside the tubes and the air flows over the finned 
exterior. Outside the evaporator tubes, the air is first cooled to its dew point 
temperature and, thereafter, it is cooled and dehumidified as it loses its moisture by 
condensation on the tube surface. The refrigerant condition at the inlet and outlet of the 




A reliable instrumentation system is deployed for this experiment to measure the 
different parameters that are essential for the validation of simulation program. Next, a 
brief description of the instrumentation used in the system is included. 
Measurement of temperature in the air flow path and refrigerant path were performed 
using thermocouples. The thermocouples used are type T copper-constantan and are 
calibrated using water bath and thermometer to within 72.1± % in accuracy. The 
calibration chart and equations are given in appendix A. For the measurement of 
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ambient temperature, thermocouple is placed in a space enclosed by a radiation shield, 
in order to avoid the radiation effect. 
In order to determine the drying potential of air, one more property other than 
temperature is essential. So the second property selected is relative humidity. With the 
knowledge of the above two, the moisture content of air can be determined. In this 
setup, the relative humidity of the air entering and leaving the drying chamber is 
measured with the help of two humidity transmitters. The humidity transmitter 
calibration is in such a way that 4 mA to 20 mA corresponds to 0 to 100 % relative 
humidity. A calibration equation is developed using these points and this equation is 
used to convert the output signal into relative humidity. 
 
In any experiment involving drying, the importance of measurement of moisture 
content of the drying material at different stages of drying cannot be understated. 
Therefore, the instrument used for this particular measurement should be accurate. In 
this setup, the moisture content of the product is monitored continuously using a load 
cell. The capacity of the load cell is rated at 15 kgf. with an accuracy of %. The 
load cell was calibrated using standard dead weights. The load cell sensor allows the 
continuous monitoring of the moisture content in the product without any disruption to 
the drying process. 
85.3±
 
To facilitate the practical calculation of the heat absorbed or rejected in the system, the 
measurement of volume flow rate is very important. For this, a vane type anemometer 
was used. It was calibrated by the manufacturer and is having a rated capacity from 0 
to 25 m/s. The measured velocity along with the area of cross section, the volume flow 
rate is obtained. 
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An eppley pyranometer, used for the measurement of total (beam plus diffuse) 
radiation, was placed close to the air collector on a horizontal surface. The 
pyranometer was carefully positioned so that it does not cause any shadow on the 
collector surface. The pyranometer was connected to a data logger and the readings 
were recorded at an interval of 1 minute. The running of any major experiment involve 
considerable amount of time, sometime it can last up to a number of days. So the 
recording of the readings of different parameters for further analysis, manually, is a 
laborious task. In the current setup, two FLUKE data loggers comprising 20 channels 
each were used. The inputs of different sensors were recorded by the data loggers at 
regular intervals. A software program associated with the above data logger was used 
to transfer the data into a personal computer for further processing. 
 
3.4 Experimental Procedure 
 
The experiment consists of a series of drying tests involving food grains and 
subsequent analysis of the drying characteristics as well as the system efficiency 
parameters. The principal system performance parameters considered for analysis are: 
coefficient of performance (COP), collector efficiency and solar fraction (SF) of the 
system. Here, the system is a closed loop one and the drying potential of the air is 
restored in each cycle through cooling and de-humidification by the dehumidifier. 
Procedure given below was followed each time to carry out the experiment. 
1. Check for the proper positioning of the all the valves in the refrigeration system  
 and the dampers in the air system. 
2. The water tank is filled with water. 
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3. Then, after checking the solar irradiation from the data logger, the frequency of 
the frequency inverter was set to a particular value according to prior 
calculation to get the optimum speed of the compressor. 
4. The low pressure and high pressure settings in the compressor control are  
 checked and the values are confirmed. 
5. The high pressure side pressure gauges are checked for correct refrigerant  
 charges. 
6. Turn on all sensors and check all the sensor points whether functioning 
properly. 
7. All the electrical circuits are checked for proper earthing and connections. 
8. Need to switch on the motor and compressor after a few minutes. 
9. During the experiments all the sight glasses were checked to ensure the system 
was functioning properly. 
10. Fan heater interlock mechanism is checked for proper functioning. 
 
3.5 Drying Test 
 
Drying test was performed based on the ASAE (ASAE S448) standard. Procedure for 
drying stated in ASAE standard is as follows: 
Tests should be conducted after drying equipment has reached steady-state 
conditions. Steady state is achieved when the approaching air stream temperature 
variation about the set point is less than or equal to 10C. 
• 
• The sample should be clean and representative on particle size. It shall be free from 
broken, cracked, weathered, and immature particles and other materials that are not  
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inherently part of the product. The sample should be a fresh one having its natural 
moisture content. 
The particles in the thin layer should be exposed fully to the air stream. • 
• 
• 
The air velocity approaching the product should be 0.3 m/s or more. 
Nearly continuous recording of the sample mass loss during drying is required. The 





Upon completion and confirmation of all the above safety precautions, the 
instrumentation system is checked and confirmed for proper functioning. The drying 
chamber is prepared to load the drying material, which is entirely supported by the 
load cell sensor. Now the system is ready for running and the electrical mains are 
switched on and the air system is switched on. After the air path reaches a steady state 
condition, the refrigerant path is started by turning on the compressor. The different 
parameters are recorded by the twenty channel FLUKE data loggers at a preset interval 
of 10 minutes. The drying material is to be dried until the predetermined safe moisture 
level is attained. When this stage is reached, one drying run is complete and the system 
is prepared for another drying run. In each drying run, input parameters are varied. The 
main input parameters considered are: air flow rate and drying temperature. At the end 
of each run, the acquired data are transferred into a personal computer, and microsoft 
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3.6  Collector  Test 
 
Collector performance tests were conducted on days with clear sky condition. Paired 
tests were conducted to determine the repeatability of the results. The collectors were 
warmed up at least one hour before test was conducted. Once the test started, air flow 
and inlet temperature were not changed. The collector slope was adjusted to 100 which 
are suitable for Singapore geographical position. The collectors with their respective 
settings were tested for leaks at and over the operating period. General procedures set 
forth in the ASHRAE test standard 93-77 [47] were followed. Procedure for collector 
testing stated in ASHRAE standard is as follows: 
 The solar irradiation must be above 630 W/m2  
 Wind speed across the collector should be less than 4.5 m/s. 
 Temperature and flow rate of the medium should be constant at the inlet of 
collector. 
 The fluctuation of solar irradiation should  be less than 50 W/m2 
 
3.7  Error Analysis 
According to Moffat [48], uncertainty analysis of any proposed experiment can pay big 
dividends in the planning stage itself of an experiment, providing guidance for both the 
overall plan and for the execution of the details. The term “uncertainty analysis” or 
“error analysis” refers to the process of estimating how great an effect the uncertainties 
in the individual measurements have on the calculated result. If the result R of an 
experiment is calculated from a set of independent variables so that, 
. Then the overall uncertainty can be calculated using ( NXXXXR .,..........,, 321= )
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the following expression [49]: 
 























RR  (3.1) 
 
and the relative uncertainty can be expressed as follows: 
                          



























 (3.2)  
In the present work, we are mainly concerned with the uncertainty associated with the 
moisture content measurement. At first, we have to relate this uncertainty with those 
independent uncertainties involved as shown tables 3.2 and 3.3 
              
Sensor Percentage error  
Load cells 3.0±  
Anemometer 2.4±  
Thermocouple 72.1±  
 
                     
Table 3.2:   Fixed error of sensors based on calibrated data 
 
                          
Sensor Percentage error  
Relative humidity transmitters 85.3±  
Electronic weighing scale 1.0±  
Pyranometer 0.1±  
Pressure transducer 25.0±  
    
 
 
           Table 3.3:   Fixed error of sensors based on manufacturer’s specification 
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We have the moisture content on dry basis as the ratio of the weight of moisture,  
to that of bone dry weight, . 
mW
dW








































∆=∆   (3.4) 
Now the relative uncertainty associated with the measurement of moisture content of 
sample can be expressed with the help of the equations (3.1) and (3.4) as follows: 
 



























We  (3.5) 
 
Now let us bring an example related to the present work considering the following 
typical experimental values of the grain, which is to be dried in the drying chamber. 
The following values are obtained from the weighing scale, whose error as per the 
manufacturer’s specification is given in the table 3.3 above as 0.1%. 
Now considering the values of the variables in the equation (3.5) as follows: 
 
kgW 0.1=            and      kgWd 8726.0=  
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The following variables in equation (3.5) obtained from the load cell whose error as 
per the calibrated data is given in table 3.2 are as follows: 
 
                                     003.0=∆=∆ dWW  
 
Substituting the values of all these variables in equation (3.5) to evaluate the relative 
uncertainty,  in obtaining the moisture content of the grain to be dried, the value is 








LOCAL METEOROLOGICAL DATA 
 
Meteorological data is very important to get the actual thermal performance and 
optimum size of the system. In order to determine the exact thermal performance of the 
heat pump assisted solar drying system, local meteorological data has been used and 
these are discussed in this section. 
 
 
4.1      Climatic Condition of Singapore 
 
 
The climatic condition of Singapore is characterized by relatively uniform temperature, 
high humidity and abundant rainfall [50, 51]. This is due to the island’s close 
proximity to the equator and its maritime exposure. 
 
Large variation in temperature is rare throughout the year with the mean monthly 
temperature varying not more than 1.10C from the mean annual of 26.60C. The average 
daily variation of temperature is 70C. Over a period of 48 years, the highest 
temperature recorded is 34.80C and the lowest is 19.60C. On the average the mean 
maximum and minimum daily temperature are 30.70C and 23.70C, respectively. In 
contrast to temperature, large variation in relative humidity is observed. The relative 
humidity may be less than 60% in the afternoon and rises to as high as 90% in the 
early hours in the morning. The lowest relative humidity experienced over 48 years is 
33% while the annual mean value is 84% over the same period. The mean daily 
maximum and minimum are 96% and 64%, respectively. 
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In Singapore, generally there is no distinct wet or dry season. There is no particular 
period of the year in which rain falls more heavily than the other periods. It is, 
generally, accepted that, when seasonal division is mentioned, it refers to the 
dominance of the prevailing wind at the time of the year. The Northeast (NE) monsoon 
begins from November and ends in March while the Southwest (SW) monsoon lasts 
from May to September. The months of April and October are often referred as the 
transitional or changeover months, which separate one monsoon period from other. 
There is less rainfall during the SW monsoon period than NE monsoon period. The 
SW monsoon period accounts for 36% of the annual rainfall while the NE monsoon 
accounts for 48%. The month of December consistently shows itself as the wettest 
month of the year while July, generally, has the lowest average monthly rainfall. The 
annual mean rainfall is 2381 mm. 
 
As mentioned earlier, the season is dictated by the prevailing wind. During the NE 
monsoon, winds blow most frequently from north to northeast, while during the SW 
monsoon, the prevailing winds are from south to southwest. The first 3 months of the 
NE monsoon are generally wetter than the remaining months of the season. During 
these wet months, the weather may persist for a few days at a time. Early morning 
squalls known as “Sumatars”, generally, blow up from the south sector to the north-
west sector and consist of gusty winds which are occasionally strong in nature [50]. 
When this happen, the temperature drops and there is heavy rain and thunder. 
However, this does not last long and seldom more than an hour. On the average, the 
phenomenon usually occurs twice in a month throughout the season. During the 
changeover months, the winds are variable in direction and light in nature.  
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4.2      Model for Meteorological Data for Singapore 
 
The model for the Meteorological data of Singapore includes global radiation, wind 
speed and ambient temperature. This model makes use of the correlation proposed by 









Where X1 is the hourly value of the variables (global radiation, wind speed, and 
ambient temperature), an is the co-efficient of polynomial equation and t is the time in 
hour. The co-efficient are shown in this section. For Singapore, diffuse and beam 
radiation data were determine by Hawlader. [53] and Hawlader et al. [54]. The co-
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 January February March April May June 
a0 1.3852E+01 2.6299E+01 3.3092E+01 2.1443E+01 7.5510E+00 7.7331E+00
a1 7.0314E+00  1.2174E+01 1.5784E+01 1.0509E+01 4.2578E+00 4.1511E+00
a2 1.1914E+00 2.0026E+00 2.7158E+00 1.8156E+00 7.4529E-01 6.9874E-01 
a3 -8.2390E- -1.4373E-01 -2.0881E-01 -1.3609E-01 -4.8948E-02 -4.3646E-
a4 2.3670E-03 4.6047E-03 7.3682E-03 4.5515E-03 1.1536E-03 9.1308E-04 
a5 -2.1696E- -5.3371E-05 -9.7579E-05 -5.5294E-05 -4.1629E-06 -2.9444E-
a6 ---------- ---------- ---------- ---------- ---------- ---------- 






 July August September October November December 
a0 3.0444E+00 6.5799E+00 4.1808E+00 2.1140E+01 1.5550E+01 1.6765E+01
a1 2.2007E+00  3.8205E+00 1.0118E+00 1.0285E+01 8.4480E+00 8.5231E+00
a2 3.8907E-01 6.7395E-01 -1.6930E-01 1.7746E+00 1.5919E-00 1.4971E-00 
a3 -2.0571E- -4.4612E-02 2.7280E-02 -1.3330E-01 -1.3059E-01 -1.1229E-
a4 1.1928E-04 1.0996E-03 -1.8880E-03 4.4760E-03 4.8639E-03 3.7111E-03 
a5 9.6370E-06 -5.9049E-06 4.2432E-05 -5.4650E-05 -6.7828E-05 -4.3925E-
a6 ---------- ---------- ---------- ---------- ---------- ---------- 
a7 ---------- ---------- ---------- ---------- ---------- ---------- 
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Table 4.2.    Coefficients for ambient temperature 
 
 
 January February March April May June 
a0 2.1997E+01 2.2116E+01 2.1854E+01 2.2839E+01 2.4025E+01 2.4101E+01
a1 2.9251E+00 3.3512E+00 4.5780E+00 3.9481E+00 3.0807E+00 2.6325E+00
a2 1.3906E+00 1.5887E+00 2.2125E+00 1.9834E+00 1.5981E-00 1.3693E+00
a3 2.5331E-01   2.9183E-01 4.2916E-01 3.9604E-01 3.2233E-01 2.7468E-01 
a4 -2.0076E- -2.3733E-02 -3.8818E-02 -3.6826E-02 -2.9894E-02 -2.5133E-
a5 7.3118E-04 9.1032E-04 1.7752E-03 1.7406E-03 1.3998E-03 1.1536E-03 
a6 -1.0740E- -1.5089E-05 -3.9873E-05 -4.0791E-05 -3.2353E-05 -2.5952E-






 July August September October November December 
a0 2.4042E+01 2.4394E+01 2.3432E+01 2.3025E+01 2.2044E+01 2.2140E+01 
a1 2.2604E+00 1.8980E+00 2.9326E+00 3.2830E+00 3.7943E+00 3.0609E+00 
a2 1.1926E+00 1.0410E+00 1.5246E+00 1.7187E+00 1.9239E+00 1.4719E+00 
a3 2.4331E-01   2.1536E-01 3.0939E-01 3.5147E-01 3.9219E-01 2.8110E-01 
a4 -2.2713E- -2.0142E-02 -2.9049E-02 -3.3053E-02 -3.7528E-02 -2.4366E-
a5 1.0738E-03 9.4963E-04 1.3888E-03 1.5693E-03 1.8335E-03 1.0354E-03 
a6 -2.5248E- -2.2237E-05 -3.3109E-05 -3.6766E-05 -4.4554E-05 -2.0687E-05 
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Table 4.3     Coefficients for wind speed 
 
 
 January February March April May June 
a0 6.4200E-01 3.4260E-01 7.6160E-01 3.6310E-01 1.2420E-01 2.5360E-01 
a1 2.1310E+00  1.9350E+00 6.3980E-01 2.0580E-01 7.6520E-01 5.5610E-01 
a2 1.0430E+00 -9.2690E-01 -3.5330E-01 -2.4970E-02 -3.5410E-01 -2.0300E-
a3 2.1210E-01   1.8150E-01 6.7250E-02 -1.1840E-02 6.3830E-02 2.5350E-02 
a4 -2.0770E- -1.6830E-02 -5.3390E-03 3.6290E-03 -4.6080E-03 -7.2140E-
a5 1.0650E-03 8.0740E-04 1.9800E-04 -3.3290E-04 1.2580E-04 -1.5700E-
a6 -2.7780E- -1.9620E-05 -3.3140E-06 1.2540E-05 -1.3710E-07 8.5060E-06 





 July August September October November December 
a0 3.7050E-02 1.1140E-01 1.5620E-01 -8.6210E-02 3.9230E-01 8.2810E-01 
a1 1.3440E+00  1.2320E+00 8.6920E-01 9.7940E-01 1.0230E+00 1.6160E+00
a2 -6.2220E- -6.1180E-01 -3.5210E-01 - -4.8510E-00 -8.4860E-
a3 1.1510E-01   1.2120E-01 5.4490E-02 4.8780E-02 9.0620E-02 1.7610E-01 
a4 -9.4970E- -1.0790E-02 -2.7730E-03 -1.5040E-03 -7.5450E-03 -1.6980E-
a5 3.7120E-04 4.7160E-04 -2.1080E-05 -1.1990E-04 2.9900E-04 8.3660E-04 
a6 -6.3380E- -9.8260E-06 5.1820E-06 8.5320E-06 -5.2520E-06 -2.0620E-
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Table 4.4     Coefficients for relative humidity 
 
 
 January February March April May June 
a0 1.0316E+02 1.0464E+02 1.0761E+02 1.0530E+02 1.0336E+02 1.0011E+02
a1 -1.3610E+01 - - - - 1.0429E+01
a2 6.1679E+00 7.0807E+00 9.7357E+00 7.9934E+00 7.2127E+00 5.1918E+00
a3 -1.0965E+00  - - - - -9.9790E-
a4 8.5430E-02 9.9150E-02 1.6776E-01 1.4129E-01 1.2881E-01 8.5573E-02 
a5 -3.0879E-03 -3.6406E-03 -7.6497E-03 -6.4506E-03 -5.9265E-03 -3.5837E-
a6 4.6022E-05 5.5913E-05 1.7251E-04 1.4506E-04 1.3519E-04 7.0801E-05 






 July August September October November December 
a0 9.9035E+ 9.8360E+01 1.0053E+02 1.0312E+02 1.0660E+02 1.0358E+02 
a1 - 9.3676E+00 - - - -
a2 5.1386E+ 4.7927E+00 5.2794E+00 6.6553E+00 7.6344E+00 5.7501E+00 
a3 -9.9217E- -9.3977E-01 - - - -
a4 8.6755E- 8.3184E-02 9.3268E-02 1.1609E-01 1.4137E-01 8.9331E-02 
a5 -3.7895E- -3.6928E-03 -4.1606E-03 -5.1380E-03 -6.7245E-03 -3.5902E-03 
a6 8.0976E- 8.0948E-05 9.1286E-05 1.1022E-04 1.5863E-04 6.5254E-05 









SIMULATION AND OPTIMISATION 
5.1    Simulation  
 
A simulation program for the system has been developed [55] by using FORTRAN 
language. The program consists of a main program, which calls various sub-routine or 
sub-programs for different components of the system. A subroutine also was included 
to carry out the economic analysis of the system. Simulation methodology, 
mathematical model and optimization procedure are presented in this chapter. 
 
5.1.1   Simulation Methodology 
 
The simulation of a solar assisted heat pump drying system requires information on the 
following items: 
1) the meteorological condition of the site; 
2) the magnitude and distribution of the load; 
3) mathematical equations describing the performance of different components of 
the system. 




The evaluation of performance of the solar system requires diffuse and direct 
components of the global radiation, ambient temperature and the wind speed. 




Simulation using the hourly values of meteorological data requires access to a 
mainframe computer. In order to make use of personal computers for such simulation, 
the meteorological data has been analysed and arranged in a suitable format for such 
use. For such purpose, hourly meteorological data for a period of six years from 1975 
to 1980 recorded by the meteorological office of Singapore at Paya Lebar airport 
(01022’N, 1030 55’E) has been used. From these data hourly average values of global 
radiation, ambient temperature and wind speed have been calculated. Equations have 
been fitted through average hourly values of meteorological data. The general 
equation, which can be used to predict the hourly average values of global radiation 
(MJ/m2), ambient temperature (0C) and wind speed (m/s), has been described in 
chapter 4. 
Magnitude and distribution of load 
The performance of the system has been investigated under drying loads. The drying 
chamber is configured to carry out batch drying of agricultural food grains of low 
initial moisture content of about 40 %( db). Each batch of drying included about 100 
kg of food grains which is the maximum capacity of the dryer. Hourly moisture 
removal rate is found from drying characteristics curve. Then the amount of energy in 
MJ is calculated to evaporate the moisture in hourly basis to obtain the drying load 
pattern.   Maximum capacity of the dryer has been considered for the drying load to 
maximise the use of energy available in the dryer. The air is circulated through the air 
collector by using a blower. Air is heated in the collector by radiant energy absorbed 
by the collector during the sunshine hours from 7.00 am to 17.00 p.m. Hourly 
distribution of load in MJ, at optimum drying temperature and air mass flow rate, is 
used, as shown in Figure 5.1. As expected and shown the load pattern gradually 































Figure 5.1 Hourly drying load pattern of a day. 
 
Mathematical model 
A necessary preliminary step before a simulation or optimization can be performed is 
that of the formulation of a reliable mathematical model, which would represent the 
characteristic of the components, equipment or processes of the system.  This is 
considered important due to the fact that a reliable mathematical model would prevent 
or reduce costly mistakes in the further development of the system. The definitions of 




the system performance indices considered from the mathematical model [55] are 
given below. 3.7.1 Solar collector efficiency 
Solar collector efficiency 
Collector efficiency cη , defined as the ratio of the useful gain over some specified time 
period to the incident solar energy over the same time period. 
Mathematically, 

















η        (5.1) 
        and       )]()([ afiLTRcu TTUIFAQ −−= τα   (5.2) 
 
Solar fraction 
Meanwhile solar fraction of the system, for any period of interest, can be defined as the 
ratio of the energy obtained from the solar components (solar air collector and 
collector/evaporator) to the energy required by the load. 
 
Mathematically, 















SF       (5.3) 
Coefficient of performance 
The coefficient of performance of the heat pump is defined by the following equation: 
 










  (5.4) 
To evaluate the system performance, a simulation program developed [55] in 
FORTRAN language was used. The simulation program consists of a main program 
and subroutines of each component in the system. In the collector subroutine, the 
useful energy, collector outlet temperature and collector efficiency are calculated on 
hourly basis with the help of the meteorological data of Singapore [52] using the 
equations described by Duffy and Beckman [56]. The heat transfer coefficient for two-
phase flow through the tube of evaporator-collector, required for the evaporator-
collector efficiency, is calculated using the equation stated in ASHRAE fundamentals 
[57]. For the heat transfer calculations in the condenser, effectiveness-NTU method is 
used. In the simulation of dehumidifier, cross flow arrangement is considered and the 
principle of tube-by-tube method developed by Damask and Didion [58] is applied. 
Finally, for the dryer simulation, the material and equipment model derived from basic 
heat and mass transfer principles [59] is used. The system parameters used in the 
simulation study are given in Table 5.1 
 
Table 5.1 Parameters used in the system 
 
Latitude         = 10 22/
Collector tilt angle        = 100
Collector azimuth        = 00
Drying material                                                              = Agricultural food grains   
Initial moisture Content         = 40 %( db) 
Final moisture content      = 15 %( db) 




Capacity of dryer       = 100 kg/batch  
Drying temperature       = Variable 
Air mass flow rate       = Variable  
Area of air collector       = Variable 
Area of evaporator collector       = Variable 
Evaporator-collector cost     = $ 250 / m2
Air collector cost      = $ 270/ m2 





Economic viability of solar energy heating systems is usually made by comparing the 
cost flows recurring throughout the lifetime of the solar and conventional alternative 
systems. One of the major tasks in such analyses is the estimation of the best set of 
values for design parameters that will maximize the criterion function in a solar 
heating system.  In general, the simultaneous optimization of several variables requires 
the solution of a system of equations resulting from the differential of the saving with 
respect to each variable considered. Optimum magnitudes of the installation 
parameters should be defined under the required economic conditions. An economic 
optimisation is carried out in this section. 
5.2.1 Economic analysis 
Solar energy conversion systems usually require a substantial initial investment, 
compared to conventional energy conversion equipment. Therefore, economic analysis 
is the most important part to determine the practical feasibility of a system. For this 




purpose an economic analysis has been carried out for the heat pump assisted solar 
drying system. The cost involves in the analysis of solar systems are capital equipment 
cost; acquisition cost; operating cost; interest charges, if money for capital is 
borrowed; maintenance, insurance and miscellaneous charges; taxes; salvage value. 
Detail analyses are given below: 
 
Analysis 
The various economic figures of merit used for the performance evaluation of thermal 
energy systems may be described as follows: 
1. The net life cycle savings  
2. The payback period 
3. Total annualised cost 
4. The internal rate of return 
Life cycle cost includes the sum of all costs over the life of the system or selected 
period of analysis, in today’s dollars, taking into account the time value of money. This 
is done by using the annualised life cycle costs method or the life cycle savings 
method. 
It can be seen from analysis [33] that the governing equation describing the optimum 
condition becomes identical for annualised life cycle cost and net life cycle savings 
and predicts the same collector area. Similarly, the analysis of internal rate of returns 
and pay back period lead to an identical equation, giving the same collector area. For 








Total annualized cost  
The total annualized cost is the sum of the system cost, maintenance cost and the 
auxiliary fuel cost [33]. 







                                                                                (5.5) 
 
Where Cs, the system cost, is expressed as the sum of a size (area or thickness), 
independent cost C0 and size-dependent cost CA is 
C S =C0+CA             (5.6) 
CM, the maintenance cost, is expressed as a fraction of CS, the system cost, that is 
CM = x.CS             (5.7) 
 
and PWF (n, d) is the present worth factor of an investment over n years at a constant 
discount rate d. PWF (n, d) is given by 
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j = fuel inflation rate, j =/= d 
       








CCY FMS ++=          (5.9)
  
To determine the system size for minimum total annualized cost, we set 
 















10        (5.10) 
 
Pay back period: 
 
The pay back period np, using discount fuel costs, is given by [33] the equation, 
 
),,(.).(),(. djnPWFCQLdnPWFCC pFMS −=+                                              (5.11) 
 




Where the yearly maintenance cost is also included in the system cost. 
The optimum size of the conservation system corresponding to the minimum payback 
period is obtained when 0)( =∂
∂
pnA
. Using equation (5.11), we obtain the following 











∂      (5.12) 
 
Solar system 
Thermal load L is required for a solar heating system. The installing of a solar 
collector recovers thermal energy of the amount Qs, and consequently, the auxiliary 
energy requirement for the process Q is given by  
 
Q = L-Qs            (5.13) 
The system cost and maintenance cost for the collector are expressed as  
 
CSs = Cos + Cs A+ CsAev           (5.14) 
 
and   CMs = xs CSs.          (5.15)  
  
Total annualized cost 
The condition for maximum life-cycle savings is obtained by substituting equations 
(5.13), (5.14) and (5.15) into equation (5.10), the following equation is obtained: 
 















    (5.16) 
This condition can be expressed in terms of the solar fraction f and the plate area per 











∂                                                    (5.17) 
 
Pay back period 
The condition for minimum payback period is obtained by substituting equations 
(5.13) – (5.15) into equation (5.12). The final expression in terms of the production co-
ordinates f and S is given by 





∂             (5.18) 
 
Unlike the condition expressed in equation (5.16), the condition for minimum pay back 
period is a function of f and S. 
 
5.2.2   Economic Evaluation Methodology 
 
The optimisation of solar energy systems involves multiple variables. Economic 
optimization procedure in a particular solar heating design is based on a comparison 
with the total expenditures of conventional fuels during the life-cycle.  In general, all 
the components in the system will have some effect on the thermal performance and 
thus on costs. In practice, the problem often reduces to a simpler one of determining 
the size of a solar system for a known load, and other parameters are fixed in relation 




to collector area. For solar systems, the performance is more sensitive to collector area 
than any other variables.  
 
To determine the optimum size of the collector, economies analysis has been carried 
out. It is important to note that, in the method of analysis based on life-cycle savings 
and annual system cost, the futures expenses and benefits are expressed in terms of 
dollars in hand, which requires assumptions, on the future discount rate and fuel 
inflation rate. Thus, the conversion of all future earnings to present worth dollars 
involves a certain degree of uncertainty. Moreover, most customers are interested in 
the repayment period of the system. Therefore, in this study, the optimization is based 
on repayment period. The typical values of the economic parameters, used in this 
study, are given in Table 5.2  
 
Table 5.2 Economic parameters 
 
Discount rates                                                                                 = 7% 
Fuel cost inflation rate             = 13% 
Fuel cost               = S$ 0.066798 
Life cycle               = 20 Years 
 
 
The step-by-step method of simulation for the cost optimisation of the system of the 
present study is as follows: 
 




1) Firstly, the 'Radiation' subroutine is called on to the main program and the radiation 
on the tilted collector surface is calculated. 
2) Now using the radiation on the collector surface along with the collector 
characteristics as the input to the 'air collector' and 'evaporator collector', the useful 
energy available and the efficiency are determined from collector sub-routine. 
3) The drying temperature of each food grain is a pre-determined value set prior to the 
drying of the respective material in the drying chamber. By using the value of dryer 
inlet temperature, energy available on collector surface and air collector inlet 
temperature, solar fraction is calculated. 
4) Hourly moisture removal rate is calculated in dryer subroutine. 
5) Drying load is calculated in 'Optim' subroutine by using hourly moisture removal 
rate. 
6) Optimum collector area is achieved, together with the maximum annual solar 
fraction and the corresponding minimum payback period in the 'optim' subroutine. 
7) In the program, air collector area is changed, while the other variables: evaporator 
collector area, drying temperature and mass flow rate of air are kept constant. 
8) In the following run, one of the above three variable is changed and it is continued 










RESULTS AND DISCUSSION 
 
The thermal performance of a solar assisted heat pump drying system is determined for 
operation under the meteorological conditions of Singapore. The results obtained from 
experiments and analyses are described in this chapter. Comparisons between 
experimental and simulation results followed by a cost optimization of the system are 
also presented in this chapter. Important conclusions are also made where appropriate. 
 
6.1      Experimental Results 
 
A series of experiment have been performed to evaluate the thermal performance of 
the system and compared with simulation results. The different parameters of the 
system are carefully chosen to perform a detailed system analyses. These parameters 
are categorized into two: process and performance parameters. The important process 
parameters that are considered are: mass flow rate of air and drying temperature. The 
parameters investigated to evaluate the performance of the system are: drying 
characteristics, collector efficiency, solar fraction (SF) and coefficient of performance 
(COP). Effect of dehumidifier is examined on the above parameters of the system.  
 
6.1.1 Drying  characteristics 
This section presents the results obtained from the experiments. Drying characteristics, 
specially weight and moisture content variation with time, product temperature, drying 
rate and diffusion coefficient have been studied under various conditions for 
agricultural food grains. Experiments were conducted with green beans, grams and 
paddy at different air mass flow rates and temperature. Effect of drying temperature, 
air mass flow rate and dehumidifier on moisture removal rate is also investigated. 
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Mass flow rate of air was varied from 0.036 kg/sec to 0.06kg/sec and temperature 
varied from 450C to 550C. Variables considered for this experiment are shown in Table 
6.1. 
                      Table: 6.1 Variables considered in the drying experiments.  
 Temperature   C    Air Velocity m/s  
      0.06   
 55     0.048   
      0.036   
      0.06   
 50     0.048   
      0.036   
      0.06   
 45     0.048   
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                               Figure 6.1 Variation of weight of green beans with time 
 
Figures 6.1 to 6.3 show the variation of weight of green beans, paddy and grams, with 
time, respectively. As expected and seen from the figure that as the drying progresses, 
weight of materials decreases. This is well explained with the fact that the specimens  
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                           Figure 6.2 Variation of weight of paddy with time 
 
 absorb heat energy from the hot air that moves through the dryer. This result in 
evaporation of moisture from the surface and the moisture evaporated is carried out of 
the chamber by the air. Figure 6.4 shows the variation of moisture content with time 
for all three materials: green beans, grams, and paddy. As seen from the figure, 
moisture content decreases as the drying progresses. A similar trend in the variation of 
moisture removal rate is observed for grams, paddy and green beans. 
Product temperature 
 
Control of the product temperature to prevent any adverse quality problem to the final 
dried product is highly important in any drying process [60]. In the current study, the 
product temperature is monitored experimentally with respect to time. The monitoring 
of the product temperature during the experiment was attained with the help of T-type 
thermocouple probes inserted into the product layer. Figures 6.5 and 6.6 show the 
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Paddy: 45C, 0.06 kg/sec,
With dehumidifier













Figure 6.4 Variation of moisture content of green beans, paddy and grams with time 
 



































Figure 6.5   Dryer inlet and product temperature of green beans with time 
(Drying temperature 500C, Air mass flow rate 0.06kg/sec) 
 
experimental variation of grain temperature of green beans and paddy, respectively, 
with respect to time, as the drying progresses. As seen from the figure, the temperature 
of the product steadily increases and stabilizes nearly at the drying temperature. As 
expected, the product temperature rises with time, as the drying continues. During the 
initial stages of drying, the rise in temperature is not so dominant; this is attributed to 
the fact that most of the total heat available in the drying chamber is used for the 
evaporation of the moisture [61]. As drying continues the heat transfer from the drying 




Effect of various process parameters on moisture removal rate with time is described in 
the following paragraphs. The parameters discussed are: drying temperature, air mass 
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flow rate. Effect of dehumidifier on moisture removal is also investigated in this 


































Figure 6.6 Dryer inlet and product temperature of paddy with time 
(Drying temperature 450C, Air mass flow rate 0.06kg/sec) 
 
 
determine the drying rate and drying time. The moisture content is computed based on 
bone dry mass using in the following equation:  
 Moisture content = [Mt - Mb]/ Mb,  (g water/ g dry mass),     Where, Mt = mass of the 
specimen at time t,  Mb = bone dry mass 
The drying rate is the derivative of the moisture content curve with respect to the 
drying time. 
 
Effect of drying temperature 
 
Figures 6.7 & 6.8 show the variation of moisture content with time, for different 
temperatures, while keeping the mass flow rate of air constant at 0.06 kg/sec for paddy  
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Paddy: 45C, 0.06 kg/sec,
With dehumidifier


















Figure 6.7 Variation of moisture content of paddy with time for 
different dryer inlet temperature. 
 
 
and grams, respectively. The two drying temperature chosen, as shown in the both 
figures, are 550C & 450C. Figures illustrate the effects of drying temperature on 
moisture content for the equal length of drying time as shown in Figure 6.7. The final 
moisture content were found to be about 18% (db) & 11% (db)  for paddy  from the 
same initial moisture content of about 38% (db). For grams, as shown in Figure 6.8 the 
final moisture content were found about 17% (db) and 13% (db) from the same initial 
moisture content of about 39% (db). As expected and seen in the figure, the drying rate 
increases as the drying temperature increased from 450C to 550C. This is well 
explained with the fact, as the drying temperature increases there will be increased 
moisture evaporation rate as a result of the increased moisture diffusivity. 
 
 














 Grams: 55C, .06kg/sec,
With dehumidifier




























Figure 6.8 Variation of moisture content of grams with time for                            
different dryer inlet temperature 






















Green beans: 45C, 0.06 kg/sec,
with dehumidifier



















Figure 6.9 Variation of moisture content of green beans with time for different mass 
flow rate of air 
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 Figure 6.10 Variation of moisture content of grams with time for different mass flow 
rate of air  
 
Figures 6.9 and 6.10 show the experimental drying curves, where the drying  
temperature is maintained constant but the air mass flow rate is varied. Figure 6.9 
illustrates how the moisture content variation of green beans is affected due to a 
change of mass flow rate of air from 0.036 kg/sec to 0.06 kg/sec, while keeping the 
drying temperature constant at 450C. Similarly, Figure 6.10 shows the affect of change 
of mass flow rate of air on moisture content variation for grams. As expected and seen 
in the figure, the drying curve with the mass flow rate of 0.06 kg/sec for both green 
beans and grams shows better drying rate. This can be attributed to the fact that higher 
mass flow rate of air enhances the heat transfer rate which increases the moisture 
evaporation rate leading to a faster drying rate. Drying temperature and air mass flow 
rate are varied in Figures 6.7-6.10 to evaluate the dominant effect in drying rate. From 
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the figure it is evident that the influence of drying temperature is higher than mass flow 
rate of air. 
Effect of dehumidifier 
 
 
Figures 6.11 and 6.12 show the effect of dehumidifier on moisture removal rate with 
time. Figure 6.11 illustrates the variation of moisture content of grams in both 
configurations, with and without dehumidifier, for the equal period of drying time. The 
initial moisture content of the grams was set at 40 %( db). The final moisture content 
were about 13 %( db) & 18 %( db) for both configurations, with and without 
dehumidifier, respectively. Figure 6.12 shows the variation of drying period to achieve 
a desired moisture level which was set at about 18 %( db) from initial moisture content 
of about 38 %( db) for green beans. As expected, and seen from the figure that, in the 
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Green beans: 45C, 0.06kg/sec,
Without Dehumidifier
Green beans: 45C, 0.06kg/sec,
With Dehumidifier
Inlet Rh% With dehumidifier













from an initial moisture content decreases. From the above figure, it is obvious that 
dehumidifier plays an important role to enhance the drying rate. This is attributed to 
the fact that the air leaving the dryer is cooled and dehumidified to get rid of the 
moisture absorbed in the dryer, thereby, a rejection of sensible and latent heat occur at 
the de-humidifier. Therefore, it increases the drying potential of air for the next cycle 
and enhances the moisture extraction rate of the products. 
Drying rate 
Figures 6.13 to 6.15 show the variation of drying rate with moisture content for 
different condition of drying of paddy, grams and green beans. Figures 6.13 and 6.14 


































































Figure 6.13 Drying rate as a function of moisture content for paddy 
 
and grams. The constant rate period is governed fully by the rates of external heat and 
mass transfer since a film of free water is always available at the evaporating surface. 






                                     








Figure 6.14 Drying rate as a function of moisture content for grams 
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Figures show that, at the end of the constant rate period, there is a sharp decrease of 
drying rate. This can be well explained due to the fact that water migration rate from 
the inside of the material to the surface becomes lower  due to internal transport 
limitations as drying progresses. However, in figure 6.15, a decreasing drying rate is 
observed from the early stage of drying for green beans. There is no constant drying 
rate period at the early stage. This happens due to removal of surface moisture by 
using tissue paper during preparation of green beans to achieve a desired initial 
moisture level for experiment. Whereas, for paddy and grams, it was allowed to keep 































                    









The diffusion model, based on Fick’s second law of diffusion, is used to analyze the 
transport mechanisms. Assuming constant diffusion coefficient, the partial differential 
equation for diffusion model is expressed as follows: 
 68
 










∂   (1)  
 Where w = moisture content (g/g dry) 
             t = time (s) 
             x = diffusion path (m) 
             D = diffusion coefficient or diffusivity    (m2/s) 
For a slab of thickness, L, drying from both flat surfaces and under the given initial 
and boundary condition of 
  t=0; 0 ≤ x ≤ L; w = wo
  t > 0; x = 0, L; w = we  


















 where  we = equilibrium moisture content 
             wo= initial moisture content 
For long drying time, equation (2) can be represented by the following form 





Dπ  is the dehydration constant. 
Diffusivity (D) is a physical property of the substance and the medium. Care should be 
taken in applying effective diffusivity correlations obtained with simple geometric 
shapes to the more complex shape. In addition to being dependent on geometric 
shapes, diffusivity depends as well as on the drying conditions. The diffusion model, 
based on Flick’s second law of diffusion, is used to analyze the transport mechanisms 
described in Appendix C. It is noteworthy that the diffusivity, D is a strong function of 
moisture content as well as temperature [2] and must be determined experimentally. 
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y = -0.0637x - 0.0153
Slope = -0.0637















Figures 6.16 to 6.18 show a plot of ln (w/w0) versus t/L2 for green beans, paddy and 





















Figure 6.16   A plot of ln (w/w0) versus t/L2 for paddy with error bar. 
 
y = -0.0603x - 0.0242
Slope = -0.0603










































Figure 6.17   A plot of ln (w/w0) versus t/L2 for grams with error bar 
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Figure 6.18   A plot of ln (w/w0) versus t/L2 for green beans with error bar . 
 
 
 The diffusion coefficient of paddy, grams and green beans were found about  
1.075x10-10 m2/sec, 1.018x10-10 m2/sec and 9.61x10-11m2/sec, respectively. The 
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6.1.2 Performance parameters  
 
 
Discussion on various performance parameters are carried out in the following 
paragraphs. The parameters discussed are: collector efficiencies, coefficient of 
performance (COP) and solar fraction (SF). 
 
Solar collector efficiency 
 
Both evaporator collector and air collector efficiencies are discussed in this section. 
The basic principles underlying solar collector efficiencies are: lower the collector 
operating temperature, higher the collector efficiency due to lower losses to the 
surrounding. The collector operating temperature can be brought down by increasing 
the fluid mass flow across the collector. In the present study, the refrigerant is used as 





The testing of solar collectors to determine its thermal performance was conducted in 
such a way that efficiency curves for near normal incidence is determined for the 
collector under test conditions described in the previous chapter.   Figure 6.19 shows 
the variation of air collector efficiency and solar irradiation with time. It shows that, if 
solar radiation changes, it affects the collector efficiency and causes a variation with 
the changes of instantaneous solar irradiation. The figures also show that the efficiency 
does not change much during the hours of interest of a typical day.   
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Air flow rate 0.06 kg/sec














Figure 6.20 Variation of air collector efficiency and irradiation with time at different 
air mass flow rate 
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Figure 6.20 shows the variation of air collector efficiency and solar irradiation with 
time. The air collector efficiency for two different mass flow rates is shown in the 
figure. As from the previous discussion, the figure shows higher collector efficiency 
for higher mass flow rate. Collector efficiencies were found to vary from 0.69 to 0.73 
& 0.72 to 0.75 for air mass flow rate of 0.06 kg/sec and 0.036kg/sec, respectively.   
Figure 6.21 shows the effect of dehumidifier on the air collector efficiency with time. 
It is found that the configuration associated with dehumidifier improves the collector 
efficiency significantly. It happens because for the same operating condition, when 
dehumidifier is used, air temperature at the inlet of the collector is lower leading to 
lower heat losses from the collector. Due to this lower heat losses, the solar collector 
efficiency increases. Figure 6.22 shows the typical efficiency curve of the air collector. 
A least square fit of the data shows that all the measured data points fit into the straight 





































Figure 6.21 Variation of air collector efficiency with and without dehumidifier 
 


















































Collector air inlet temperature(With out dehumidifier)















Figure 6.23 Variation of air temperature with time for different conditions 
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 Fluctuation in the meteorological conditions has contributed to the scatter values. The 
slope of the curve represents the overall loss co-efficient which indicates greater loss at 
higher inlet temperature. The intercept of the curve gives the product of collector heat 
removal factor and product of transmitivity-absorptivity. Figure 6.23 shows the air 
temperature at the inlet of air collector in both configurations with and without 
dehumidifier. As seen in the figure, the air inlet temperature with dehumidifier below 
the ambient temperature. This can be attributed to the fact that cooling and 
dehumidification of air occurs when it passes through the dehumidifier. Figure 6.24 
shows the comparison associated with dehumidifier, the over all loss from the collector 
is fairly low. Figure 6.23 shows that the collector inlet temperature is lower than the 

















Air Collector with dehumidifier


























































































igure 6.25 shows the variation of evaporator-collector efficiency and solar irradiation 
ith time. It shows that if solar irradiation changes rapidly, the collector efficiency is 
ffected and causes a rapid change according to instantaneous solar irradiation. From 
is figure, it can be shown that collector efficiency decreases gradually with time. 
his occurs due to higher evaporating temperature with time leading to a higher heat 
ss from the collector. Actually, this high aporator temperature is achieved with 
me because, in the condenser, water temperature increases leading to an increase in 





























































































collector efficiencies for different compressor speed. Figure shows that, for the same 
operating conditions and same collector area, if the compressor runs relatively at a 
higher rpm, then it increases the collector efficiency. This happens mainly due to 
higher compressor speed means, higher refrigerant flow rate and, hence, lowers 
collector operating temperature resulting in an increase in the collector efficiency.  
Figure 6.27 shows the typical efficiency curve of an evaporator collector. It can be 
seen from figure that the loss term is negative means the collector absorb heat from the 
ambient instead of losses. This can be attri ted to the fact that operating temperature 
of the collector is lower than the ambient. It occurs because of lower inlet temperature 
of the refrigerant at the inlet to the collector. 
 
 
Figure 6.26 Variation of experimental evaporator collector efficiency and solar 

































                          
igure 6.28 shows the comparison of experimental efficiency of evaporator and air 
ollectors. As seen from the figure, the evaporator-collector efficiency is always higher 
an the air collector efficiency. This can be attributed to the better thermodynamic  
haracteristics of the evaporator-collector working fluid. This is well explain with the 
ct that refrigerant temperature at the inlet of evaporator-collector is about 100C, 
hereas air temperature at the inlet of air collector with dehumidifier is about 270C, as 
own in figure 6.29 and it increases. Low temperature of refrigerant gains more heat 
here and, hence, increases the evaporator-collector efficiency. The 
figu m 





Figure 6.27   Typical efficiency curve of an evaporator-collector (Experimental) 
 












re shows a maximum evaporator-collector efficiency of 0.87 against a maximu
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igure 6.30 Comparison of typical air collector and evaporator-collector efficiency 
sensitive to instantaneous so
fluctuates; the collector operating tem so fluctuates for a constant flow rate 
igure 6.30 shows the comparison of typical efficiency curve of air collector and 
vaporator collector. It is apparent from the figure that efficiency of evaporator 
 higher than the air collector. This can be attributed to the fact that in 
sses from the collector to the ambient is lower than air collector 
ecause of lower inlet temperature of refrigerant, which is shown in figure 6.30. The 
perating temperature of the evaporator collector is lower than the air collector. It 
appens due to phase change of refrigerant in the evaporator collector. Therefore, 
vaporator collector gains more energy from ambient. This is one of the reasons of 

























lar radiation. Due to this, when the solar irradiation 
perature al


















































o-efficient of performance (COP) 
 
Figure 6.31 shows the variation of experimental COP and solar irradiation with time 
on a sunny day. As seen from the figure, the higher COP values lie in the higher 
radiation region, suggesting that the COP increases with increase in solar irradiation. 
As the solar radiation increases, the evaporator-collector operating temperature 
increases resulting lower temperature lift between the evaporator and condenser, which 











Figure 6.32 shows the comparison of experimental COP at different compressor speed 
1800 rpm and 1200 rpm. Figure shows, higher COP at lower compressor speed. The 
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 As compressor was running at higher speed at 1800 rpm, it lowers the temperature of 
at loss from 
the collector but increases the compressor work and lowers the COP. For the same 
operating condition, if the speed of the compressor is lower, then it improves the 
thermal efficiency. As compressor was operated at 1200 rpm, relatively lower speed, 
which helps to operate the evaporator at higher temperature leading to an improved 
COP of the system. Comparison of experimental COP at different air mass flow rate is 
shown in figure 6.33. As seen from the figure, COP increases with the increases of 
mass flow rate of air. The maximum value of COP was found 5.7 and 5 at the mass 
flow rate of 0.06 kg/sec and 0.048 kg/sec, respectively. It is likely that higher mass 
flow rate of air causes more rejection of heat from the air condenser and, hence, 
increases the value of COP of the system. 
 
Solar Fraction
refrigerant in the collector. Although lower temperature causes lesser he
 
kept constant at 0.036 kg/sec. As expected and as seen from the figure the solar  
 
Figure 6.34 shows the variation of solar fraction and solar irradiation with time. Solar 
fraction is defined as the ratio of energy supplied by the solar system to the total 
energy required for the load. From figure 6.34, it can be seen that the system has a 
rapid response with instantaneous solar radiation. When solar irradiation 
increases/decreases solar fraction increases/decreases, respectively. The solar fraction 
has a decreasing trend with time as irradiation decreases. Figures 6.35 to 6.37 show the 
variation of hourly solar fraction of the drying system with time to evaluate the effect 
of different parameter. Figure 6.35 shows the comparison of experimental solar 
fraction for the drying temperature of 500C and 550C, when the air mass flow rate was 
 

































































             
                  





























































action decreases with the increase of drying temperature. It is likely that the total 
nergy required for the load increases as the drying temperature increases, which 
ion 
urves with time by keeping the drying temperature constant at 550C, but varying the 
ir mass flow rate (0.048 kg/sec and 0.036 kg/sec). It is apparent from the figure that 
olar fraction increases with the decreases of air mass flow rate. This is well explained 
ith the fact that, as the mass flow rate of air decreases, air can take more heat from 
e collector because contact time between air and collector absorber plate increases 




ompressor speed on solar fraction with time. As seen from the figure, for the same  
fr
e



























Figure 6.36 Effect of air mass flow rate on solar fraction with time 
 
The detailed of the results are given in appendix B. Figure 6.37 shows the effect of 
c
 

























              
 
perating conditions and same collector area, if the compressor runs relatively at a 
igher rpm, then it lowers the solar fraction. This can be attributed to the fact that 
igher compressor speed increases the refrigerant flow rate. As a results refrigerant 
bsorbs less heat from the collector because contact time between refrigerant and 


















































6.2      Comparison Between Experimental and Simulation Results: 
 
A comparison of the simulation and experimental results is performed by setting 
typical drying conditions. For the predicted performance of the system, a simulation 
program developed in FORTRAN from the work of the reference 55 was used. 
Comparison between experimental and simulation results of product temperature, 
moisture content, and the performance parameter of the system are presented in this 
chapter.  
 
riation of grain 
mperature with respect to time, as the drying progresses. As seen from the figure, the 
redicted and experimental variation in product temperature agrees fairly well. 
 
         
 
Figure 6.38 Comparison between predicted and measured grain temperature 
(Drying air temperature 50˚C, Air mass flow rate 0.06 kg/s) 
6.2.1     Product temperature  









































Measured: 45C, 0.06 kg/sec
6.2.2    Moisture Content 
 
Figures 6.39 and 6.40 show the comparison between the simulated and experimental 
moisture content variation with time, as the drying progresses. Figure 6.39 shows the 
comparison for a drying temperature of 450C and for an air mass flow rate of 0.06 kg/s. 
As seen from the figure, the predicted and experimental variation in moisture content 











Figure 6.39  Comparison of predicted and measured moisture content of   the material 
with time (Drying air temperature 45 C, Air mass flow rate 0.06 kg/s) 
 
for a drying temperature-air mass flow rate combination of 55 C & 0.048 kg/s, 
respectively. In comparison to the scenario in the previous figure, both the drying 
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Predicted: 55C, 0.048 kg/sec
Measured: 55C, 0.048 kg/sec
effect brought about. As seen from the figure 6.40, the predicted and experimental 
drying curves for the given set of conditions agree fairly well.  
 
 













.2.3 Coefficient of performance (COP) 
 
igures 6.41 and 6.42 show the predicted and experimental COP changes with time of 
hows the predicted and experimental COP, 
hen the drying temperature was set at 55˚C and for an air mass flow rate of 0.06 kg/s. 
 predicted COP of 6.6 and the corresponding experimental value of 6.45 are obtained 
nder this condition. As seen from the figure, the higher COP values lie in the higher 





Figure 6.40 Comparison of predicted and measured moisture content of the 
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As the solar radiation increases, the evaporator-collector operating temperature 
creases resulting a lower temperature lift between the evaporator and condenser 
mperatures. The speed of the compressor was set at 1800 RPM.  
 
 
COP for a drying 
mperature of 55˚C, air mass flow rate of 0.048 kg/s and a compressor speed of 1200 
RPM. Predicted and experimental COP  
observed from the figure. The temperature lift between the evaporator and the 
compressor remains almost same as the previous figure, but the improvement in COP 













Figure 6.41 Comparison between predicted and experimental COP           
(Drying air temperature 55 C, Compressor speed 1800 rpm, Air flow-rate, 0.06 kg/s)   
 
 
Figure 6.42 shows the predicted and experimental values of 
te












































een predicted and experimental COP 





6.2.4 Collector efficiency 
 
Figure 6.43 shows the predicted and experimental variation of evaporator collector 
efficiency and solar irradiation with time, the compressor speed was set at 1200 RPM. 
As seen from the figure, the predicted and experimental efficiencies agree fairly well. 
A maximum predicted efficiency of 0.84 and an experimental efficiency of 0.82 are 
observed from the figure. Figure 6.44 shows the variation of evaporator collector 
efficiency and solar irradiation with time for a compressor speed of 1800 RPM. As
expected, the figure shows increased collector efficiency due to the higher compressor 
 



















































































































Figure 6.44 Variation of evaporator-collector efficiency and irradiation with time 
                                     (Compressor speed 1800 RPM)   
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eed, resulting in a lower collector operating temperature. Maximum collector 
fficiency of 0.88 and the corresponding experimental value of 0.86 are observed from 
e figure. 
.2.5   Solar fraction (SF) 
 
icted and experimental solar 
action for a drying temperature of 45˚C and a mass flow rate of 0.048 kg/sec, 
aximum solar fraction of 1.0 is observed from the figure. As seen from the figure, the 









Figure 6.45 Comparison predicted and experimental variation of solar fraction with 






Figures 6.45 and 6.46 show the variation of predicted and experimental hourly solar
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Figure 6.46 depicts the predicted and experimental solar fraction, when the drying 
temperature is changed to 55˚C keeping the air mass flow rate constant at 0.048 kg/s. 
Predicted and experimental results are shown in appendix B. A maximum predic
solar fraction of 0.82 against a maximum experimental solar fraction of 0.81 is 
























as seen from the figure. 
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Figure 6.46 Comparison between predicted and experimental variation of solar 
fraction with time (Drying air temperature 55 C, Air flow-rate 0.048 kg/s) 
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6.3 Cost Analysis of the System 
he conversion of solar energy for useful applications requires considerable initial 







 load and different economic variables on pay back period is 
 the 
area the increase of auxiliary fuel savings increases very rapidly compare to the cost of 
the system. Again pay back period reaches a minimum value and then rises w h 
increase in collector area. In this analysis, a minimum pay back period of about 4.37 
years is obtained corresponding to an air collector and evaporator-collector area of 
about 1.25 m2 and 2 m2, respectively. Figure 6.48 shows the pay back period with air 
ollector area for different weight of material. It shows that, when the load 
increa t that 





source of auxiliary energy is required so that the system includes both solar a
conventional equipment to meet the desired load. Solar systems are, norma
characterised by a higher initial investment followed by lower operating costs. It is
therefore, necessary to determine whether such an investment is economica
competitive when compared with conventional system. Therefore, the o
variables by using simulation program and pay back period of the system are presente
in this section. Effect of
also investigated. 
 
6.3.1 Pay back period of the system 
Figure 6.47 shows the variation of payback period with air collector area. From
figure, it can be shown that, with the increase of collector area, payback period fall  
sharply. This phenomenon may explain by the fact that, with the increase in collector 
it
c
ses,pay back period decreases significantly. It can be attributed to the fac
w
 























Figure 6.47 Variation of payback period with air collector area 
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unction of air collector area for different 
 
supply of energy as well as reduce the losses of energy. Hence, the pay back period 
decreases w nts the pay 
back period as a function of air collector area for different fuel inflation rates in the 
range 11-16 percent. From the figure, it can be seen that, with the change in inflation 
rate, pay back period changes significantly initially but after certain increase in 
collector area the effect of inflation rate on pay back period is not significant. The 
details of the results are given in appendix-B. The variation of payback period with 
collector area for different discount rate is shown in figure 50. Figure shows that there 
can be a dramatic change in the payback times as these rates are varied. Significant 
results derived from inspection of these figures, even though payback period increases 
or decreases, the relative position of the minimum points of the curves remain fairly 
Figure 6.49 Variation of pay back period as a f
fuel inflation rate 
ith the increases of weight of the materials. Figure 6.49 represe
 






onstant. The general conclusion is that the optimal system is insensitive to the 
felt to be representative of possible day’s prices. It is, however, noted 
at, for large variation in these rates, the size of the constituent components of the 
optimal system will be altered. 
6.3.2 Optimum variables 
 
From the simulation, the optimum combination of drying temperature, mass flow rate, 
area of air collector and evaporator-collector are obtained for maximum solar fraction. 
Optimum combination of each run, by  varying  a single variable, while other variables 








Figure 6.50 Variation of payback period with air collector area for different discount 
rate 
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variations in the fuel inflation rate and discount rate stated in this study. These rates are 
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shown in the  Table-6.2. From the table it is clear that maximum annual solar fraction 
together with minimum pay back period obtained is 0.89. The optimum combination of 
air collector area, evaporator-collector area, drying temperature, and air mass flow rate 
are about 1.25 m2, 2 m2, 50C, and 0.036 kg/sec, respectively.  
 




Evaporator  Drying  Air mass Annual solar Pay back 
Period area collector area Temperature flow rate fraction 
 m2  m2 0C Kg/sec SF Years 
4.5 2 60 0.06 0.86 5.92 
3.5 2 60 0.048 0.89 5.34 
2 2 60 0.036 0.9 4.72 
3.5 2 55 0.06 0.84 5.77 
3.5 2 55 0.06 0.84 5.77 
2 2 55 0.036 0.9 4.5 
2.5 2 50 0.06 0.78 5.74 
2.5 2 50 0.048 0.85 5.14 
1.25 2 50 0.036 0.89 4.37 
5 1.5 60 0.06 0.87 5.89 
3.5 1.5 60 0.048 0.87 5.28 
2.5 1.5 60 0.036 0.91 4.68 
3.5 1.5 55 0.06 0.82 5.78 
3 1.5 55 0.048 0.87 5.19 
2 1.5 55 0.036 0.87 4.57 
3.5 1.5 50 0.06 0.8 5.78 
2.5 1.5 50 0.048 0.83 5.14 
1.5 1.5 50 0.036 0.87 4.43 
5 1 60 0.06 0.84 5.94 
4 1 60 0.048 0.87 5.35 
2.5 1 60 0.036 0.88 4.75 
4.5 1 55 0.06 0.84 5.86 
3 1 55 0.048 0.84 5.3 
2.5 1 55 0.036 0.85 4.74 
3.5 1 50 0.06 0.77 5.94 
2.5 1 50 0.048 0.79 5.33 
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A solar assisted heat pump drying system was designed, fabricated, and tested. A 
number of experiments have been conducted at wide range of operating conditions by 
using different agricultural food grains to evaluate its performance under the 
meteorological conditions of Singapore. Experimental results were analysed to 
evaluate the effect of different parameter on the system performance and, finally, 
compared with simulation results. Good agreement was found between simulation and 
experimental results. A series of numerical simulations have been performed for 
different operating conditions to optimise the system, especially to optimise the 
evaporator-collector and air collector area on the basis of drying load. Economic 
analysis of the system has been carried out to find out the minimum payback period. 
At the end of the detailed experimental and analytical study, following conclusions are 
drawn: 
• A similar pattern of drying rate curve for green beans, grams and paddy are 
observed from the experimental results. 
• A fairly short constant drying rate followed by sharp decreases of drying rate is 
observed, especially for grams and paddy, from the variation of moisture 
content with drying time.  
• The diffusion co-efficient of green beans, paddy and grams for a set drying 
condition was found about 9.61x10-11 m2/sec, 1.075x10-10 m2/sec, 1.08x10-10 
m2/sec, respectively. 
•  Results suggest that the total drying time of the product decreases with the 
increase in drying potential. Drying potential is directly proportional to the air 
flow rate and drying air temperature. It is evident that although drying potential 
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increases with both the air temperature and air velocity, the influence of 
velocity is lower than temperature.  
• Results also show a significant effect of dehumidifier to increase the drying 
potential.  
• It was found that air collector efficiency increases with increases of air mass 
flow rate. Dehumidifier played an important role to increase the air collector 
efficiency by reducing the air temperature at the inlet of the collector, leading 
to a reduction of losses from the collector to the ambient.  
• The range of efficiency of air collector, with and without dehumidifier, was 
found to be between 0.72 - 0.76 and 0.42 - 0.48, respectively.  
• From the results, it is apparent that evaporator-collector efficiency increases 
with the increase of refrigerant mass flow rate. It was also revealed that the 
efficiency of evaporator collector is higher than the air collector. 
•  Maximum evaporator-collector efficiency of 0.87 against a maximum air 
collector efficiency of 0.76 was obtained.  
• Results shows that COP decreases with the increase in compressor speed 
whereas, solar fraction increase with the increase of compressor speed. Both 
COP and solar fraction increases with the increase of air mass flow rate. Solar 
fraction decrease with the increase of drying temperature. A COP value of 6.0 
at a compressor speed of 1200 RPM and solar fraction value of 0.81 for a 
drying temperature of 550C were obtained.  
• From optimisation, it was found that the optimum combination of air collector 
area, evaporator collector area, drying temperature, and air mass flow rate are 
about 1.25 m2, 2 m2, 500C and 0.036 kg/sec, respectively, which provides 
around 89 % of the total load.  
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• Economic analysis shows that system has a sufficient amount of savings during 
the life cycle with a minimum payback period of about 4.37 year. Results 
suggest that the variations in the fuel inflation rate and discount rate have a 
significant effect on pay back period. It is also revealed that the optimal system 










Thermal performance of the solar assisted heat pump drying system has been 
investigated by conducting experiments and, finally, compared with the simulation 
results. At the end of the present study, the following recommendations are drawn: 
• A comparative study of the nutrients of the products before and after drying 
should be performed. These will be a useful source, especially, in a health 
conscious society.  
• Initiative should be taken for versatile application of the system which would 
reduce the capital cost. 
• The solar air collector used in the experiment was not coated with any 
selective coating black paint. An investigation can be well worthy using a 
selective coating for better performance of the air collector.  
• The refrigerant used in the system was R134a; alternative refrigerant can be 
tried with minimum modification in the refrigerant circuit, for further 
investigation. 
• The blower capacity used in the system was capable for delivering maximum 
flow rate of 0.06 kg/sec; the capacity shall be increased in any further 
investigation of the system. 
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                                   Figure A.1 Thermocouple calibration chart. 
 
 
83.26.155.23 += XT  
 
Where    T is the temperature in Celsius and X  




A.2 Thermo probe 
 
 
636.24.967.23 += XT  
 
 Where    T is the temperature in Celsius and X    



























                    
                                  Figure A.2 Thermo probe calibration chart. 
 
A3 Load cell 
 
95.101*92.745 += XW  
  

















                                  Figure A.3 Load cell calibration chart 
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                    Figure A.4 Humidity transmitter calibration chart (Relative Humidity) 
 
 




























A5. Pressure Transducer 
 
25.6.8521.5 −= YP   
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     APPENDIX B 
Experimental Results 
 
Table B1. Experimental results for Figure 6.1, 6.2, and 6.3  
(Drying temperature 450C, Air mass flow rate 0.06 kg/sec, With dehumidifier) 
 
Time Green beans Paddy Grams 
min gm gm gm 
0 1235.7 1215.17 1314.2 
5 1220.78 1202.59 1304.48 
10 1213.32 1196.96 1297.7 
15 1205.86 1189.59 1291.01 
20 1196.46 1180.29 1284.15 
25 1190.94 1172.37 1274.59 
30 1183.46 1168.35 1269.69 
35 1176.03 1165.92 1260.15 
40 1168.56 1158.32 1256.38 
45 1161.11 1150.65 1250.5 
50 1153.65 1144.19 1247.56 
55 1146.11 1141.66 1239.28 
60 1138.73 1133.01 1230.4 
65 1131.27 1129.43 1222.07 
70 1127.56 1125.92 1212.52 
75 1123.81 1116.92 1205.25 
80 1119.34 1113.52 1201.49 
85 1116.23 1108.21 1195.12 
90 1111.08 1103.11 1183.28 
95 1108.84 1094.45 1177.15 
100 1101.43 1091.21 1170.94 
105 1093.92 1089.72 1164.41 
110 1090.15 1083.2 1161.65 
115 1088.21 1080.75 1157.39 
120 1086.57 1076.32 1153.63 
125 1083.23 1070.21 1151.92 
130 1081.11 1063.21 1147.26 
135 1079.45 1060.89 1140.4 
140 1075.54 1057.78 1137.62 
145 1071.64 1052.72 1132.07 
150 1068.23 1046.08 1126.19 
155 1064.14 1036.63 1123.9 
160 1059.54 1031.89 1119 
165 1056.67 1028.25 1116.55 
170 1053.21 1025.68 1109.36 
175 1051.56 1022.09 1106.42 
180 1049.22 1019.25 1096.38 
185 1047.53 1015.8 1092.62 
190 1045.21 1013.27 1088.29 
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195 1043.11 1010.82 1082.57 
200 1041.78 1009.67 1078.73 
205 1040.21 1007.04 1072.14 
210 1039.52 1005.84 1069.97 
215 1038.56 998.73 1066.83 
220 1037.23 995.3 1064.83 
225 1036.54 992.52 1060.56 
230 1035.74 991.63 1056.27 
 
 
Table B2. Experimental results for Figure 6.4 
(Drying temperature 450C, Air mass flow rate 0.06 kg/sec, With dehumidifier) 
 
 







0 38.73 41.03 41.16 
5 37.88 40.59 4079 
10 37.42 39.93 39.87 
15 37.03 39.06 40.17 
20 36.18 37.98 39.74 
25 35.33 37.28 38.17 
30 34.54 36.58 37.21 
35 33.64 36.01 36.59 
40 32.79 35.41 35.93 
45 31.94 34.88 35.1 
50 31.1 33.76 34.23 
55 29.84 33.27 33.24 
60 29.4 32.45 32.67 
65 29.4 31.99 31.23 
70 28.94 31.27 31.01 
75 28.55 30.57 29.71 
80 27.71 30.2 28.77 
85 26.86 29.59 28.08 
90 26.54 28.39 27.68 
95 26.01 28.39 27.12 
100 25.16 27.95 26.89 
105 24.86 27.26 26.67 
110 24.32 27.17 25.62 
115 23.95 26.6 25.35 
120 23.47 26.35 24.98 
125 23.02 25.83 24.53 
130 22.87 25.01 24.03 
135 22.62 24.3 23.7 
140 22.23 24.02 23.11 
145 21.97 23.66 22.66 
150 21.65 23.08 22.12 
155 21.26 22.36 21.76 
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160 20.92 21.96 21.38 
165 20.08 21.19 21.03 
170 19.75 20.63 20.8 
175 19.23 20.23 20.5 
180 19.23 19.91 20.1 
185 19.02 19.49 19.81 
190 18.75 19.19 19.64 
195 18.52 18.75 19.12 
200 18.38 18.17 18.44 
205 18.23 18.04 18.23 
210 18.01 17.84 18.03 
215 17.87 17.39 17.87 
220 17.72 16.76 17.56 
225 17.64 16.25 17.23 
230 17.53 16.03 17.01 
 
 
Table B3. Experimental results for Figure 6.5 and 6.6 
(Drying temperature for green beans and paddy are 500C & 450C respectively) 
 
 









0.00 51.93 30.78 0 44.41 29.12 
5.00 49.83 30.91 10 44.65 30.16 
10.00 50.14 31.36 20 44.12 31.26 
15.00 51.00 31.62 30 44.29 31.88 
20.00 51.17 31.88 40 44.63 32.56 
25.00 50.30 33.01 50 44.94 33.25 
30.00 50.60 32.95 60 44.43 33.95 
35.00 49.53 32.95 70 45.00 34.16 
40.00 49.62 34.14 80 44.98 34.56 
50.00 51.15 34.08 90 45.39 34.98 
55.00 50.37 34.40 100 46.03 35.91 
60.00 50.15 35.40 110 45.85 35.24 
65.00 50.71 35.40 120 46.02 36.24 
70.00 51.30 35.53 130 45.98 37.05 
75.00 50.23 36.06 140 45.80 37.07 
80.00 50.00 36.13 150 44.87 36.51 
85.00 49.64 36.40 160 46.29 36.93 
90.00 49.89 36.62 170 45.17 37.15 
95.00 49.70 36.89 180 45.12 38.22 
100.00 48.85 37.35 190 45.45 39.25 
105.00 50.46 37.35 200 46.04 38.56 
110.00 49.62 37.59 210 44.98 39.02 
115.00 49.08 37.84 220 45.84 39.42 
120.00 49.74 38.28 230 46.01 39.87 
125.00 49.37 38.09 240 45.23 40.52 
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130.00 49.58 38.09    
135.00 49.97 38.20    
140.00 50.66 38.36    
145.00 51.02 38.84    
150.00 51.22 39.03    
155.00 52.04 39.41    
160.00 50.85 39.64    
165.00 50.94 39.57    
170.00 51.26 40.01    
175.00 51.95 40.14    
180.00 51.67 40.42    
185.00 50.58 40.55    
190.00 49.72 40.55    
195.00 50.23 40.61    
200.00 50.50 40.74    
205.00 51.19 40.94    
210.00 51.37 41.07    
215.00 50.48 41.07    
220.00 49.92 40.94    
225.00 50.09 41.68    
230.00 50.66 41.29    
 
 
Table B4. Experimental results for Figure 6.7 and 6.8 
(Different drying temperature for paddy and grams are 550C & 450C, Constant air 
mass flow rate 0.06kg/sec) 
 
 
Time Paddy Paddy Grams Grams 









0 40.72 41.03 39.62 41.16 
5 39.26 40.59 38.86 40.79 
10 38.02 39.98 37.55 39.87 
15 36.28 39.06 36.53 38.88 
20 35.11 38.57 35.49 37.6 
25 34.41 37.88 34.12 36.34 
30 33.18 37.07 33.23 35.62 
35 32.12 36.71 32.37 34.86 
40 31.27 36.3 31.28 34.01 
45 30.71 35.41 30.62 33.31 
50 29.56 34.98 29.38 32.98 
55 28.54 34.43 29.07 32.17 
60 27.63 33.47 28.56 31.85 
65 26.41 32.69 28.04 31.3 
70 25.31 31.67 27.42 31.1 
75 24.32 30.77 27.02 30.76 
80 23.54 29.88 26.4 30.43 
 121
Appendix B 
85 22.61 39.18 25.83 30.09 
90 22.14 28.56 25.12 29.64 
95 21.63 27.95 24.65 29.14 
100 21.28 27.26 23.89 28.77 
105 20.84 26.88 23.32 28.17 
110 19.93 26.31 22.86 27.76 
115 19.37 25.83 22.45 27.34 
120 18.99 25.06 21.94 26.85 
125 18.48 24.71 21.38 26.37 
130 17.89 24.3 20.88 25.75 
135 17.3 23.92 20.31 25.24 
140 17.01 23.35 19.75 24.75 
145 16.7 22.36 19.21 24.11 
150 16.31 21.88 18.73 23.57 
155 16.02 21.33 18.05 23.01 
160 15.84 21.01 17.62 22.6 
165 15.55 20.63 17.13 22.12 
170 15.15 20.22 16.61 21.79 
175 14.85 19.94 16.11 21.17 
180 14.45 19.4 15.65 20.8 
185 14.02 19.1 15.01 20.43 
190 13.74 18.75 14.65 19.98 
195 13.36 18.46 14.05 19.45 
200 12.88 18.01 13.65 18.94 
205 12.23 17.59 13.11 18.45 
210 11.83 17.19 12.56 17.95 
215 11.45 16.76 12.02 17.55 
220 11.23 16.22 11.68 17.02 
 
 
Table B5. Experimental results for Figure 6.9 and 6.10 
(Different air mass flow rate green beans and grams are 0.036kg/sec & 0.06kg/sec 
Constant drying temperature 550C) 
 
 
Time Green beans Green beans Grams Grams 









0 38.73 38.73 39.23 40.39 
5 37.88 36.65 38.65 38.75 
10 37.42 35.08 36.94 37.53 
15 37.03 34.64 36.23 36.85 
20 36.18 32.77 35.69 35.18 
25 35.33 31.61 34.49 34.57 
30 34.54 30.93 33.78 34.04 
35 33.64 30.20 32.82 33.77 
40 32.79 29.43 31.69 33.12 
50 31.94 28.23 30.16 32.71 
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55 31.1 27.90 29.34 32.19 
60 29.84 27.31 28.88 31.43 
65 29.4 26.44 27.48 30.64 
70 29.4 26.01 26.55 29.81 
75 28.94 25.29 25.85 28.49 
80 28.55 24.72 24.79 27.68 
85 27.71 24.22 23.92 27.14 
90 26.86 23.58 22.55 26.72 
95 26.54 23.14 22.01 26.12 
100 26.01 22.81 21.52 25.65 
105 25.16 22.46 21.08 24.92 
110 24.86 21.67 20.75 24.31 
115 24.32 21.20 20.19 23.88 
120 23.95 21.06 19.65 22.71 
125 23.47 20.39 19.12 22.08 
130 23.02 20.62 18.71 21.74 
135 22.87 20.76 18.21 21.16 
140 22.62 19.66 17.85 20.62 
145 22.23 19.79 17.35 20.02 
150 21.97 19.42 16.95 19.64 
155 21.65 18.65 16.45 19.23 
160 21.26 19.00   
165 20.92 18.27   
170 20.08 18.06   
175 19.75 17.89   
180 19.23 17.30   
185 19.23 17.13   
190 19.02 17.28   
195 18.75 16.53   
200 18.52 16.47   
205 18.38 16.43   
210 18.23 15.81   
215 18.01 16.06   
220 17.87 15.68   
225 17.72 15.55   




Table B6. Experimental results for Figure 6.11 and 6.12 
 (Drying condition for grams and green beans are 55C, 0.06kg/sec & 45C, 0.06kg/sec) 
 
 
 Green beans Green beans Grams Grams 
Time Moisture Moisture Moisture Moisture 









0 38.725 38.92 39.62 39.23 
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5 38.725 37.33 38.86 38.65 
10 37.878 36.22 37.55 36.94 
15 37.03 34.63 36.53 36.23 
20 35.335 33.69 35.49 35.69 
25 35.335 32.16 34.12 34.49 
30 33.639 31.46 33.23 33.78 
35 33.639 29.82 32.37 32.82 
40 32.792 29.08 31.28 31.69 
50 31.944 28.09 29.38 30.16 
55 31.096 27.38 29.07 29.34 
60 30.249 26.15 28.28 28.88 
65 30.249 25.51 27.42 27.48 
70 29.401 24.39 27.02 26.55 
75 29.401 23.72 26.4 25.85 
80 28.554 22.65 25.83 24.79 
85 27.706 22.54 25.01 23.92 
90 26.858 21.35 24.22 22.55 
95 26.858 20.74 23.43 22.01 
100 26.858 19.93 22.96 21.52 
105 25.163 19.47 22.54 21.08 
110 25.163 19.08 21.94 20.75 
115 24.315 18.35 21.38 20.35 
120 23.468 17.94 20.01 20.01 
125 23.01 17.19 19.43 19.77 
130 22.62  18.83 19.53 
135 22.32  18.02 19.11 
140 22.01  17.62 18.84 
145 21.772  17.13 18.54 
150 21.58  16.51 18.12 
155 21.25  16.01 17.88 
160 20.925  15.65 17.65 
165 20.64  15.11 17.35 
170 20.34  14.65 17.15 
175 20.12  14.01 17.01 
180 20.077    
185 19.87    
190 19.65    
195 19.45    
200 19.23    
205 18.95    
210 18.65    
215 18.32    
220 18.05    
225 17.75    







Table B7. Experimental results for Figure 6.13 and 6.16  
(Material Paddy: 45C, 0.06kg/sec, With dehumidifier, L=6mm) 
 
 
Time Mass Moisture Drying rate   
min gm content%(db) g/g dry min Log(w/wo) t/L2 
0 1206.34 41.03    
20 1174.82 37.34 0.0044 -0.04093 0.56 
40 1154.73 34.01 0.0043 -0.08149 1.11 
60 1136.84 30.99 0.0043 -0.12188 1.67 
80 1109.32 28.35 0.0041 -0.16055 2.22 
100 1093.39 26.02 0.0040 -0.19779 2.78 
120 1075.67 23.98 0.0038 -0.23325 3.33 
140 1057.78 22.12 0.0037 -0.26832 3.89 
160 1043.08 20.45 0.0036 -0.30241 4.44 
180 1025.93 19.01 0.0034 -0.33412 5.00 
200 1013.27 17.56 0.0036 -0.36858 5.56 
220 1004.36 16.3 0.0034 -0.40091 6.11 
240 985.41 15.19 0.0032 -0.43154 6.67 
 
 
Table B8. Experimental results for Figure 6.14 and 6.17  
(Material Grams: 55C, 0.036kg/sec, Without dehumidifier, L=6mm) 
 
 
Time Mass Moisture Drying rate Log(w/wo) t/L2 
min gm content%(db) g/g dry min   
0 1247.12 41.02    
20 1219.56 37.15 0.0046 -0.04304 0.56 
40 1193.34 33.7 0.0045 -0.08537 1.11 
60 1172.02 30.75 0.0043 -0.12515 1.67 
80 1144.9 28.12 0.0041 -0.16398 2.22 
100 1113.46 25.89 0.0038 -0.19986 2.78 
120 1100.47 23.98 0.0036 -0.23315 3.33 
140 1084.3 22.22 0.0035 -0.26625 3.89 
160 1068.29 20.65 0.0034 -0.29808 4.44 
180 1042.89 19.23 0.0033 -0.32902 5.00 
200 1025.89 17.98 0.0031 -0.35821 5.56 
220 1016.43 16.85 0.0030 -0.3864 6.11 
240 1008.02 15.8 0.0029 -0.41434 6.67 
 
Table B9. Experimental results for Figure 6.15 and 6.18  
(Material Green beans: 45C, 0.06kg/sec, Without dehumidifier, L=6mm) 
 
 
Time Mass Moisture Drying rate   
min gm content%(db) g/g dry min Log(w/wo) t/L2 
0 1235.7 38.73    
20 1205.86 35.35 0.0043 -0.03966 0.56 
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40 1176.03 32.39 0.0041 -0.10406 1.11 
60 1146.19 29.95 0.0037 -0.13808 1.67 
80 1123.81 27.7 0.0036 -0.172 2.22 
100 1108.89 25.75 0.0034 -0.2037 2.78 
120 1086.52 23.75 0.0037 -0.23881 3.33 
140 1076.06 22.01 0.0035 -0.27186 3.89 
160 1064.14 20.65 0.0030 -0.29956 4.44 
180 1049.22 19.45 0.0028 -0.32556 5.00 
200 1041.76 18.25 0.0029 -0.35321 5.56 
220 1041.76 17.53 0.0019 -0.37069 6.11 
 
 
Table B10. Experimental results for Figure 6.19, 6.25 and 6.28 
 
 
Time Radiation Air collector Evaporator- 
min W/m2 efficiency collector 
   Efficiency 
11 846.95 0.73 0.86 
11.25 875.87 0.71 0.87 
11.5 889.87 0.73 0.87 
11.75 895.54 0.75 0.87 
12 934.47 0.75 0.86 
12.25 942.42 0.71 0.86 
12.5 932.48 0.72 0.86 
12.75 920.24 0.74 0.85 
13 934.43 0.75 0.85 
13.25 943.47 0.74 0.84 
13.5 920.54 0.71 0.85 
 
 
Table B11. Experimental results for Figure 6.20 
 
 
Time Air collector Air collector 
min efficiency efficiency 
 Air mass flow rate 
0.06 kg/sec 
Air mass flow rate 
0.036 kg/sec 
11 0.72 0.69 
11.25 0.73 0.71 
11.5 0.76 0.73 
11.75 0.74 0.72 
12 0.75 0.73 
12.25 0.76 0.71 
12.5 0.77 0.72 
12.75 0.76 0.74 
13 0.75 0.73 
13.25 0.76 0.74 










Time Air collector  Air collector Air collector inlet Air collector inlet Ambient  










11 0.71 0.33 28.08 35.08 35.4 
11.25 0.72 0.39 28.31 35.31 31.8 
11.5 0.76 0.39 28.46 35.46 32.8 
11.75 0.74 0.47 28.6 35.6 35.6 
12 0.75 0.46 28.65 35.65 34.9 
12.25 0.76 0.48 29.02 36.02 34.7 
12.5 0.77 0.5 29.21 36.21 33.3 
12.75 0.76 0.46 29.71 36.71 36.54 
13 0.75 0.49 28.52 35.52 35 
13.25 0.77 0.56 29.09 36.09 34.4 
13.5 0.72 0.45 28.89 35.89 33.8 
13.75 0.75 0.36 27.58 34.58 32.8 
   
 
 
Table B13. Experimental results for Figure 6.22, 6.24, 6.27 and 6.30 
 
 
Air collector (Tfi-Ta)/It Air collector (Tfi-Ta)/It Evaporator- (Tfi-Ta)/It





dehumidifier efficiency  
0.75 -0.008 0.76 0.001 0.78 -0.0034 
0.75 -0.011 0.75 0.0025 0.79 -0.004 
0.78 -0.009 0.72 0.01 0.83 -0.0075 
0.77 -0.0069 0.715 0.012 0.81 -0.0033 
0.79 -0.0118 0.71 0.013 0.82 -0.0044 
0.79 -0.0141 0.705 0.014 0.83 -0.0069 
0.78 -0.0089   0.84 -0.006 
0.78 -0.009   0.83 -0.0053 
0.78 -0.0092   0.82 -0.005 
0.79 -0.0107   0.84 -0.0078 
0.8 -0.0093   0.79 -0.0063 









Time Air temperature Refrigerant 
temperature 
(min) at the inlet of at the inlet of 
 air collector  evaporator-collector 
11 26.3 10.62 
11.3 26.1 10.3 
12 26.5 11.15 
12.3 26.4 11.01 
13 26.2 10.75 
13.3 26.3 10.56 
14 26.5 10.33 
14.3 26.1 11.28 
15 26.2 10.43 




Table B15. Experimental results for Figure 6.26 
 
 
Time Evaporator- Evaporator- 
min collector efficiency collector efficiency 
 Speed (1800 RPM) Speed (1200 RPM) 
0 0.832 0.805 
26.66 0.865 0.808 
53.32 0.856 0.816 
79.98 0.835 0.805 
106.64 0.868 0.78 
133.3 0.825 0.772 
159.96 0.852 0.805 
186.62 0.854 0.816 
213.28 0.838 0.742 




Table B16. Experimental results for Figure 6.31 and 6.34  
 
 
Time Radiation Coefficient  of  Time Radiation Solar 
fraction 
min W/m2 performance  min W/m2 SF 
  COP  0 992.63 0.68 
0 922.36 5.46  30 906.97 0.74 
10 957.87 5.45  60 942.56 0.76 
20 939.26 5.56  90 910.46 0.79 
30 954.87 5.57  120 942.59 0.82 
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40 954.87 5.68  150 810.52 0.80 
50 945.87 5.70  180 835.62 0.81 
60 965.45 5.70  210 774.26 0.72 
70 960.76 5.66  240 652.4 0.67 
80 968.45 5.69  270 632.61 0.66 
90 970.23 5.65     
100 935.67 5.55     
110 965.45 5.43     
120 932.91 5.54     
130 955.84 5.49     
140 954.65 5.47     
150 934.46 5.43     
160 945.62 5.42     
170 935.45 5.41     
180 925.65 5.51     
190 945.87 5.52     
200 950.37 5.54     
210 939.82 5.54     
220 927.36 5.52     
230 920.83 5.48     
240 916.26 5.42     
250 910.27 5.41     
 
 

















Air mass flow 
rate 
Air mass flow 
rate 
  1200 rpm 1800 rpm 0.06 kg /sec 0.048 kg /sec 
0 5.46 4.90 5.46 4.97 
10 5.45 4.92 5.45 4.98 
20 5.56 4.93 5.56 4.98 
30 5.57 4.93 5.57 4.97 
40 5.68 4.94 5.68 5.01 
50 5.70 4.94 5.70 5.02 
60 5.70 4.95 5.70 5.00 
70 5.66 4.94 5.66 4.98 
80 5.69 4.98 5.69 4.88 
90 5.65 5.00 5.65 4.92 
100 5.55 5.00 5.55 4.96 
110 5.43 5.00 5.43 4.95 
120 5.54 4.99 5.54 4.88 
130 5.49 5.00 5.49 4.75 
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140 5.47 5.02 5.47 4.79 
150 5.43 5.03 5.43 4.85 
160 5.42 5.06 5.42 4.92 
170 5.41 4.99 5.41 4.88 
180 5.51 5.01 5.51 4.81 
190 5.52 5.00 5.52 4.77 
200 5.54 4.97 5.54 4.68 
210 5.54 5.01 5.54 4.63 
220 5.52 5.00 5.52 4.60 
230 5.48 5.06 5.48 4.62 
240 5.42 5.09 5.42 4.65 
250 5.41 5.09 5.41 4.66 
 
 





Solar Fraction(SF) Solar Fraction(SF) Solar Fraction(SF)
min 500C 550C Air mass flow rate Air mass flow rate
   .036 kg/sec .048 kg/sec 
0 0.79 0.67 0.68 0.67 
30 0.83 0.63 0.74 0.63 
60 0.85 0.73 0.76 0.73 
90 0.96 0.75 0.79 0.75 
120 0.94 0.77 0.81 0.77 
120 0.92 0.78 0.8 0.78 
150 0.91 0.69 0.81 0.69 
180 0.88 0.62 0.72 0.62 
210 0.86 0.59 0.67 0.59 
240 0.85 0.56 0.66 0.56 
 
 
Table B19. Experimental results for Figure 3.37 
 
 
Time Solar Fraction(SF) Solar Fraction(SF)
min Air mass flow rate Air mass flow rate
 Compressor speed Compressor speed
 1200 rpm 1800 rpm 
0 0.69 0.68 
30 0.77 0.74 
60 0.78 0.76 
90 0.83 0.79 
120 0.84 0.81 
150 0.86 0.8 
180 0.9 0.82 
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210 0.83 0.72 
240 0.81 0.67 






Table B20.  Comparison between simulation and experimental results for Figure 6.38 
 
 
Time Drying  Product Product 
  Temperature C Temperature C 
min Temperature C (Green beans) (Green beans) 
 Simulation Simulation Experiment 
0 50 31.6 31.6 
12 50 31.21 31.9 
18 50 32.36 31.58 
30 50 33.45 32.6 
42 50 34.49 32.6 
48 50 35.48 32.4 
60 50 36.41 35.2 
72 50 37.3 34.25 
78 50 38.14 36.25 
90 50 38.94 35.9 
102 50 39.69 36.2 
108 50 40.4 39.5 
120 50 41.07 39.8 
132 50 41.71 39.98 
138 50 42.3 40.25 
150 50 42.86 40.98 
162 50 43.39 41.25 
168 50 43.88 41.26 
180 50 44.35 42.3 
192 50 44.78 42.58 
198 50 45.19 42.69 
210 50 45.57 44.69 
222 50 45.93 44.98 
228 50 46.26 44.96 
240 50 46.58 44.58 
252 50 46.87 45.9 
258 50 47.14 46.8 
270 50 47.39 46.98 
 
 
Table B21.  Comparison between simulation and experimental results for Figure 6.39 




Time Moisture  Moisture  Moisture  Moisture  









0 38.73 38.73 37.66 37.87 
12 34.94 35.08 34.81 35.33 
18 32.69 32.77 32.68 33.64 
30 30.32 30.92 31.34 32.79 
42 28.32 29.42 29.58 31.09 
48 26.28 27.89 28.71 30.24 
60 24.47 26.44 27.46 29.41 
72 23.19 25.29 25.86 27.71 
78 21.78 24.21 24.93 26.85 
90 22.07 23.58 24.29 25.46 
102 20.98 22.8 22.75 24.31 
108 19.53 21.67 21.52 23.46 
120 18.44 21.06 20.35 22.62 
132 17.85 20.62 20.64 21.77 
138 17.11 19.66 20.23 21.32 
150 18.72 19.41 19.52 20.92 
162 18.27 18.99 18.86 20.07 
168 16.89 18.06 17.63 19.23 
180 16.5 17.29 17.13 18.87 
192 16.7 17.28 16.93 18.38 
198 15.73 16.46 16.35 18.12 
210 15.28 15.8 16.48 17.92 
222 15.06 15.67 16.35 17.74 
228 14.43 15.35 16.13 17.54 
240 14.29 15.06 15.58 17.23 
 
 













min Simulation Experiment Simulation Experiment 
0 6.01 5.65 5.31 5.1 
26.66 6.12 5.98 5.41 5.1 
53.32 6.02 5.65 5.22 5.05 
79.98 6.68 6.35 5.98 5.6 
106.64 6.65 6.45 5.96 5.65 
133.3 6.23 6.02 5.61 5.5 
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159.96 6.12 5.95 5.32 4.98 
186.62 6.01 5.56 5.23 4.97 
213.28 5.25 4.98 5.18 4.98 
239.94 5.23 4.95 5.31 5.1 
 
 





 Evaporator-  Evaporator- Evaporator- Evaporator-  
 Collector  Collector  Collector  Collector  
Time efficiency efficiency efficiency efficiency 
min Simulation Experiment Simulation Experiment 
0 0.841 0.832 0.816 0.805 
26.66 0.875 0.865 0.814 0.808 
53.32 0.864 0.856 0.822 0.816 
79.98 0.842 0.835 0.815 0.805 
106.64 0.871 0.868 0.801 0.791 
133.3 0.834 0.825 0.807 0.795 
159.96 0.862 0.852 0.821 0.805 
186.62 0.859 0.854 0.823 0.816 
213.28 0.839 0.838 0.814 0.802 

















min Simulation Experiment Simulation Experiment 
0 0.95 0.92 0.37 0.33 
26.66 0.96 0.94 0.38 0.35 
53.32 0.78 0.76 0.47 0.43 
79.98 1 1 0.52 0.51 
106.64 1 1 0.65 0.64 
133.3 0.89 0.87 0.63 0.6 
159.96 1 0.98 0.81 0.81 
186.62 0.92 0.88 0.57 0.56 
213.28 1 1 0.58 0.57 





Results of Economic analysis 
 
Table B25. Simulation results for Figure 6.47 and 6.48 



















   0.036 100kg 75 kg 50 kg 






0.15 2 50 0.036 5.31 6.65 9.4 
0.5 2 50 0.036 4.74 5.95 8.48 
0.75 2 50 0.036 4.5 5.64 8 
1 2 50 0.036 4.38 5.52 7.88 
1.25 2 50 0.036 4.37 5.5 7.87 
1.5 2 50 0.036 4.39 5.53 7.94 




Table B26. Simulation results for Figure 6.49 













 Inflation rate 
   of air 0.11 0.13 0.16 






0.15 2 50 0.036 5.47 5.31 5.06 
0.5 2 50 0.036 4.9 4.74 4.54 
0.75 2 50 0.036 4.66 4.5 4.46 
1 2 50 0.036 4.54 4.38 4.21 
1.25 2 50 0.036 4.53 4.37 4.2 
1.5 2 50 0.036 4.55 4.39 4.22 











Table B27. Simulation results for Figure 6.50 












Discount rate  
   of air 0.05 0.07 0.1 






0.15 2 50 0.036 6.18 5.31 4 
0.5 2 50 0.036 5.61 4.74 3.53 
0.75 2 50 0.036 5.37 4.5 3.45 
1 2 50 0.036 5.25 4.38 3.24 
1.25 2 50 0.036 5.24 4.37 3.23 
1.5 2 50 0.036 5.26 4.39 3.25 
2 2 50 0.036 5.35 4.48 3.35 
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